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Foreword to Earlier Series Editions 


More than a generation of German-speaking students around the world have 
worked their way to an understanding and appreciation of the power and 
beauty of modern theoretical physics — with mathematics, the most funda- 
mental of sciences — using Walter Greiner’s textbooks as their guide. 

The idea of developing a coherent, complete presentation of an entire field 
of science in a series of closely related textbooks is not a new one. Many 
older physicists remember with real pleasure their sense of adventure and 
discovery as they worked their ways through the classic series by Sommerfeld, 
by Planck and by Landau and Lifshitz. From the students’ viewpoint, there 
are a great many obvious advantages to be gained through use of consistent 
notation, logical ordering of topics and coherence of presentation; beyond this, 
the complete coverage of the science provides a unique opportunity for the 
author to convey his personal enthusiasm and love for his subject. 

The present five-volume set, Theoretical Physics, is in fact only that part 
of the complete set of textbooks developed by Greiner and his students that 
presents the quantum theory. I have long urged him to make the remaining vol- 
umes on classical mechanics and dynamics, on electromagnetism, on nuclear 
and particle physics, and on special topics available to an English-speaking 
audience as well, and we can hope for these companion volumes covering all 
of theoretical physics some time in the future. 

What makes Greiner’s volumes of particular value to the student and 
professor alike is their completeness. Greiner avoids the all too common “it 
follows that ...” which conceals several pages of mathematical manipulation 
and confounds the student. He does not hesitate to include experimental data 
to illuminate or illustrate a theoretical point and these data, like the theoret- 
ical content, have been kept up to date and topical through frequent revision 
and expansion of the lecture notes upon which these volumes are based. 

Moreover, Greiner greatly increases the value of his presentation by includ- 
ing something like one hundred completely worked examples in each volume. 
Nothing is of greater importance to the student than seeing, in detail, how the 
theoretical concepts and tools under study are applied to actual problems of 
interest to a working physicist. And, finally, Greiner adds brief biographical 
sketches to each chapter covering the people responsible for the development of 
the theoretical ideas and/or the experimental data presented. It was Auguste 
Comte (1798-1857) in his Positive Philosophy who noted, “To understand a 
science it is necessary to know its history”. This is all too often forgotten in 


VI 


Foreword to Earlier Series Editions 


modern physics teaching and the bridges that Greiner builds to the pioneering 
figures of our science upon whose work we build are welcome ones. 

Greiner’s lectures, which underlie these volumes, are internationally noted 
for their clarity, their completeness and for the effort that he has devoted to 
making physics an integral whole; his enthusiasm for his science is contagious 
and shines through almost every page. 

These volumes represent only a part of a unique and Herculean effort 
to make all of theoretical physics accessible to the interested student. Beyond 
that, they are of enormous value to the professional physicist and to all others 
working with quantum phenomena. Again and again the reader will find that, 
after dipping into a particular volume to review a specific topic, he will end 
up browsing, caught up by often fascinating new insights and developments 
with which he had not previously been familiar. 

Having used a number of Greiner’s volumes in their original German in 
my teaching and research at Yale, I welcome these new and revised English 
translations and would recommend them enthusiastically to anyone searching 
for a coherent overview of physics. 


Yale University D. Allan Bromley 
New Haven, CT, USA Henry Ford II Professor of Physics 
1989 


Preface 


Theoretical physics has become a many-faceted science. For the young stu- 
dent it is difficult enough to cope with the overwhelming amount of new 
scientific material that has to be learned, let alone obtain an overview of the 
entire field, which ranges from mechanics through electrodynamics, quantum 
mechanics, field theory, nuclear and heavy-ion science, statistical mechanics, 
thermodynamics, and solid-state theory to elementary-particle physics. And 
this knowledge should be acquired in just 8-10 semesters, during which, in 
addition, a Diploma or Master’s thesis has to be worked on or examinations 
prepared for. All this can be achieved only if the university teachers help to 
introduce the student to the new disciplines as early on as possible, in order 
to create interest and excitement that in turn set free essential new energy. 

At the Johann Wolfgang Goethe University in Frankfurt we therefore con- 
front the student with theoretical physics immediately, in the first semester. 
Theoretical Mechanics I and II], Electrodynamics, and Quantum Mechanics 
I — An Introduction are the basic courses during the first two years. These 
lectures are supplemented with many mathematical explanations and much 
support material. After the fourth semester of studies, graduate work begins, 
and Quantum Mechanics II — Symmetries, Statistical Mechanics and Ther- 
modynamics, Relativistic Quantum Mechanics, Quantum Electrodynamics, 
the Gauge Theory of Weak Interactions, and Quantum Chromodynamics are 
obligatory. Apart from these a number of supplementary courses on special 
topics are offered, such as Hydrodynamics, Classical Field Theory, Special 
and General Relativity, Many-Body Theories, Nuclear Models, Models of El- 
ementary Particles, and Solid-State Theory. 

The present volume of lectures covers the subject of field quantization 
which lies at the heart of many developments in modern theoretical physics. 
The observation by Planck and Einstein that a classical field theory — electro- 
dynamics — had to be augmented by corpuscular and nondeterministic aspects 
stood at the cradle of quantum theory. At around 1930 it was recognized that 
not only the radiation field with its photons but also matter fields, e.g. the 
electrons, can be described by the same procedure of “second quantization”. 
Within this formalism, matter is represented by operator-valued fields which 
are subject to certain (anti-) commutation relations. In this way one arrives 
at a theory describing systems of several particles (field quanta) which in 
particular provides a very natural way to formulate the creation and annihi- 
lation of particles. Quantum field theory has become the language of modern 
theoretical physics. It is used in particle and high-energy physics, but also 
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the description of many-body systems encountered in solid-state, nuclear and 
atomic physics make use of the methods of quantum field theory. 

The aim of this volume is to present an introduction to the techniques 
of field quantization on their own, putting less emphasis on their application 
to specific physical models. The book was conceived as a companion to the 
volume Quantum Electrodynamics in this series, which concentrates on the 
evaluation of results and applications without working out the field-theoretical 
foundations. The two books, however, do not rely on each other and can be 
studied independently. As a prerequisite for the present volume the reader only 
needs some familiarity with quantum mechanics, both in the nonrelativistic 
and in the relativistic form. 

In the first two chapters we review the classical and quantum mechanical 
description of oscillating systems with a finite number of degrees of freedom, 
followed by an exposition of the classical theory of fields. Here the emphasis 
is laid on the important topic of symmetries and conservation laws. The main 
part of the book deals with the method of “canonical quantization” which is 
applied, step by step, to various types of fields: the nonrelativistic Schrodinger 
field, and the relativistic fields with spin 0, 1/2, and 1. The subsequent chap- 
ters treat the topic of interacting quantum fields and show how perturbation 
theory can be employed to systematically derive observable quantities, in par- 
ticular the scattering matrix. This is complemented by a chapter on discrete 
symmetry transformations, which play an important role for the development 
of models of elementary particles. 

The last part of the book contains the description of a formalism which in 
a way stands in competition with the “seasoned” method of canonical quanti- 
zation. The method of quantization using path integrals, which essentially is 
equivalent to the canonical formalism, has gained increasing popularity over 
the years. Apart from their elegance and formal appeal path-integral quan- 
tization and the related functional techniques are particulary well suited to 
implement conditions of constraint, which is necessary for the treatment of 
gauge fields. Nowadays any student of theoretical physics must be familiar 
with both the canonical and the path-integral formalism. 

We repeat that this book is not intended to provide an exhaustive intro- 
duction to all aspects of quantum field theory. In particular, the important 
topic of renormalization is covered only in passing. Our main goal has been 
to present, a detailed and comprehensible introduction to the methods of field 
quantization themselves, leaving aside most applications. We hope to attain 
this goal by presenting the subject in considerable detail, explaining the math- 
ematical tools in a rather informal way, and by including a large number of 
examples and worked exercises. 

We would like to express our gratitude to Dr. Ch. Hofmann for his help 
in proofreading the German edition of the text. For the typesetting of the 
English edition we enjoyed the help of Mr. M. Bleicher. Once again we are 
pleased to acknowledge the agreeable collaboration with Dr. H.J. Kdlsch and 
his team at Springer-Verlag, Heidelberg. The English manuscript was copy 
edited by Dr. Victoria Wicks. 


Frankfurt am Main, Walter Greiner 
December 1995 Joachim Reinhardt 
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Part I 


Many-Body Systems 
and Classical Field Theory 


1. Classical and Quantum Mechanics 
of Particle Systems 


1.1 Introduction 


In this book we will develop the quantum-theoretical description of systems 
which can be described in terms of a field theory. Starting from the frame- 
work of classical physics, the concept of a field at first might evoke ideas about 
macroscopic systems, for example velocity fields or temperature fields in fluids 
and gases, etc. Fields of this kind will not concern us, however; they can be 
viewed as derived quantities which arise from an averaging of microscopic par- 
ticle densities. Our subjects are the fundamental fields that describe matter 
on a microscopic level: it is the guantum-mechanical wave function (a, t) of 
a system which can be viewed as a field from which the observable quantities 
can be deduced. In quantum mechanics the wave function is introduced as an 
ordinary complex-valued function of space and time. In Dirac’s terminology 
it has the character of a “c number”. Quantum field theory goes one step 
further and treats the wave function itself as an object which has to undergo 
quantization. In this way the wave function (a, t) is transmuted into a field 
operator o(a, t), which is an operator-valued quantity (a “q number”) satisfy- 
ing certain commutation relations. This process, often called “second quanti- 
zation”, is quite analogous to the route that in ordinary quantum mechanics 
leads from a set of classical coordinates g; to a set of quantum operators 4;. 
There is one important technical difference, though, since (a, t) is a field, 
i.e., an Object which depends on the coordinate x. The latter plays the role of 
a “continuous-valued index”, in contrast to the discrete index 1, which labels 
the set g;. Field theory therefore is concerned with systems having an infinite 
number of degrees of freedom. 

The concept of field quantization has far-reaching consequences and is one 
of the cornerstones of modern physics. Field quantization provides an elegant 
language to describe particle systems. Moreover the theory naturally leads to 
the insight that there are field quanta which can be created and annthilated. 
These field quanta come in many guises and are found in virtually all areas of 
physics. In addition to the ordinary elementary particles encountered in high- 
energy physics, quasiparticles, i.e., collective excitations in macroscopic or 
microscopic systems, can also be descibed as field quanta. The list of possible 
examples is very rich; to name just a few there are phonons, magnons, excitons, 
and plasmons in solid-state physics, quantized vibrations of hadronic matter 
in nuclear physics, etc. Perhaps the most conspicuous example is given by the 
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quanta of the electromagnetic field. The existence of photons and the discovery 
of processes involving their emission and absorption historically presented the 
first occasion that called for the concept of field quantization. 

According to the principles of quantum theory the fields undergo quan- 
tum fluctuations which will be present even in the absence of particles, 1.e., 
in the vacuum. The description of the effects of vacuum field fluctations in 
interacting systems is one of the key problems in quantum field theory. In 
the following chapters, however, we will touch on this subject and the related 
problem of renormalization only in passing. Our main concern will be directed 
to laying the groundwork and to describing in some detail, how the transition 
from classical to quantized fields is made. 

As a preparation for greater things to come, in this first chapter we will 
briefly remind the reader of the formalism of classical mechanics describing 
point particles. Then the method of quantization of such systems will be men- 
tioned, with particular emphasis on the harmonic oscillator. Finally a system 
of coupled mass points with harmonic interaction (the oscillating chain) will 
be discussed on the classical and quantum levels. The continuum limit of this 
system leads to a simple field theory and thus sets the stage for our main 
subject. 


1.2 Classical Mechanics of Mass Points 


In highly condensed form we will collect here some basic information on the 
classical mechanics of point particles. The details can be found in any text- 
book on classical mechanics. Let us consider a structureless particle of mass 
m which moves in one dimension under the influence of a time-independent 
potential V(q). The time evolution of the trajectory q(t) is determined by 
Newton’s equation of motion 


mg = -— (1.1) 


which has to be solved with certain initial conditions q(to) and q(to). An 
alternative and more flexible description of the same system is obtained by 
using the Lagrange function or Lagrangian 


Lad) =T —V = 5g? -V(q) (1.2) 


from which the action 
ty 
w= [ar La,am), (1.3) 
to 


can be constructed. The equation of motion now follows from a variational 
problem, i.e., from Hamilton’s principle of least action. According to this 
principle the particle will follow a trajectory for which the action is stationary 
(usually minimal) under variation: 


éW =0. (1.4) 
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The functions to be varied are q(t) and g(t), subject to the boundary condi- 
tions 6q(to) = dq(t1) = 0. Using variational calculus this allows us to deter- 
mine the trajectory q(t) as a solution of the differential equation of Euler and 
Lagrange 


Using the Lagrangian (1.2) we can see that this is equivalent to Newton’s 
equation. 

One further equivalent formulation is obtained when the canonically con- 
jugate momentum 
_ OL 
is introduced as an independent variable instead of the velocity g. Using a 


Legendre transformation, one switches from the pair of variables (q,q) to 
(q,p). To do this the Hamilton function or Hamiltonian, for short, 


A(q,p) = pgp) — L(q, g(p)) (eg 


is introduced. The motion of the mass point is then described in terms of a 
system of two coupled differential equation of first order: 


(1.6) 


OH 
i 1.8 
p aq” (1.8a) 
g = = ; (1.8b) 
p 


This set of Hamilton equations again is equivalent to Newton’s equation but 
can be more easily generalized to other problems. 

Finally we remind the reader of the formalism of Poisson brackets. The 
Poisson bracket of two dynamical variables (i.e., quantities which depend on 
p and q) A(p,q) and B(p,q) is defined through 


OAOB OAOB (1.9) 


Using Hamilton’s equations (1.8) it is simple to show that the time derivative 
of a dynamical variable A can be expressed in terms of its Poisson bracket 
with the Hamiltonian H: 


dd _ 04, 9A. 0A, 0A OAOH , OAOH 
em Giudp. og = of Opa Ga Op 
OA 
= a t {As Bea - (1.10) 


As a special case of this rule the Hamiltonian itself is found to be a constant 
of the motion (provided that the potential and the mass do not depend on 
time): 

die OH 

—_ = — =—. 1.11 


The mutual Poisson brackets of the coordinates read 
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aN —$—$—$—— 


Voges, = Cm Oyay Us (1.12a) 
bles = 1. (1.12b) 


All the equations given in this section can be easily generalized to systems 
with an arbitrary number N of degrees of freedom. In this process the values 
of g and p become multicomponent vectors g,and p;,i = 1,...,N and the 
equations of motion are endowed with the appropriate indices. As usual the 
appearance of repeated indices will imply summation. 

The methods of Lagrange and Hamilton provide for an elegant and flex- 
ible description of dynamical systems. They can be applied to any chosen 
set. of generalized coordinates g;, the only prerequisite being the knowledge 
of the Lagrange or Hamilton function. The change between different sets of 
coordinates can be elegantly described through canonical transformations. 


1.3 Quantum Mechanics: The Harmonic Oscillator 


The traditional way to go from a classical to the quantum description of a sys- 
tem involves the replacement of the classical dynamical variables, which are 
pure numbers, by linear operators in a Hilbert space. In the one-dimensional 
case we have discussed so far, one replaces g > g and p > p. Quantum oper- 
ators are objects that in peer do not commute. The following quantization 
postulate relates the commutators between two operators [A, SN AB-BA 
to the classical Poisson bracket (1.9) 


Nee Tere =A, Bie (1.13) 


A special case of this is Heisenberg’s fundamental quantization rule for the 
position and momentum variables: 


le) Sue, (1.14) 
as can be seen from (1.12). The state of the quantum system is described 
by a vector in Hilbert space. We will use Dirac’s notation and denote the 
elements of this space by ket vectors |W). The space of ket vectors will be 
complemented by the dual vector space of adjoint vectors (bra vectors (®|). 


The overlap between two vectors (|W) is a complex number and holds the 
usual properties of a scalar product: 


(BlaW, + BY) a(G|) + B(S|P) 
(a|v)" = (o|6) (1.15) 
(6|6)=0 o |é)=0. 
According to the probabilistic nature of quantum mechanics the squared mod- 
ulus |(|Y)|? is interpreted as the probability that a system that was prepared 
in state |Y) can be found in state |®). Measurable quantities are associated 


with observable operators O which are hermitean (self-adjoint), i.e., the ad- 
joint operator Ot, defined through 


1 From a mathematical point of view self-adjointness is more restrictive than her- 


mitecity since it requires that the domains of O and Ot are equal. We will ignore 
this distinction, however. 


1.3 Quantum Mechanics: The Harmonic Oscillator 
(8|OTY) = (O4|) , (1.16) 


has to agree with O. This condition ensures that measurable quantities are 
described by real numbers. 
The statistical average of a measurable quantity is described by the ex- 


pectation value of the corresponding operator, evaluated with respect to the 
quantum state 


O = (B|Olv) . (1.17) 


When repeated measurements of the quantity (in an ensemble of systems 
with identical preparation) are performed the results will exhibit statistical 
fluctuations about the mean value with a variance of 


(AO)? = (¥|(O - 0)? |W) = (w|O? |v) — (wlO|wy” . (1.18) 
This variance will vanish, leading to a sharply defined measuring value, if |W) 
is an eigenstate of the operator O: 

O|v) =o|w) (1.19) 
having eigenvalue O. |) cannot be the simultaneous eigenstate of two non- 
commuting operatorsA and B. In this case the uncertainty relation 


AAAB > 5|(z| [A, B]|¥)| (1.20) 


applies. The particular uncertainty relation for the position and momentum 
coordinates reads 


il 
ApAg > ae : Ge2T) 


The eigenstates of a self-adjoint operator form a basis of the Hilbert space, i.e., 
each vector can be expanded in this set of states. In general the expansion 
consists of a summation over the discrete part and an integration over the 
continuous part of the spectrum. 

The eigenstates of the position operator describe a particle localized at a 
particular point in space: 


@|a) =4|q). (1.22) 


Two states localized at distinct points in space will have zero overlap. The po- 
sition eigenstates are conveniently normalized “on a delta function” according 
to 


(q'|q) = 6(q—¢'). (1.23) 
They satisfy the completeness relation 
is Jealayial (1.24) 


Projecting an arbitrary state vector |W) onto the coordinate eigenstates leads 
to the Schrédinger wave function in coordinate representation: 


w(q) = (q|¥) - (1.25) 


In an analogous fashion one can also construct momentum eigenstates 
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Dale) (1.26) 
(vip) =2en6o—r') , 1= f% [pol (1.260) 


The coordinate-space representation of a momentum eigenstate represents a 
plane wave which, in agreement with the uncertainty relation, is completely 
delocalized in space: 


(q|p) = elPa/? (1.27) 


The factor 27/i in (1.26) appears by convention. One can as well normalize 
the momentum eigenstates with a factor of 1 instead of 27h. The plane wave 
in (1.27) then carries a normalization factor of (Qrh)—1/2. 

The dynamical evolution of the quantum system is described by Heisen- 
berg’s equation of motion for operators 

ae (on de (1.28) 

dt 
This equation emerges from the classical equation of motion (1.10) through the 
substitution (1.13). We have assumed that O is not endowed with an explicit 
time dependence. The state vectors are constant in time in the Heisenberg 
picture: 

d 
ail”) 
It is well known that there exists a completely equivalent representation of 
quantum mechanics based on the Schrédinger picture, being characterized by 
time-dependent state vectors and constant operators. The transition between 
these two pictures is accomplished by a unitary transformation mediated by 
the operator of time development 


=0. (1.29) 


U(t,to) = pHs tg) (1.30) 


We will skip the details here but later in Chap. 8 the issue will come up again. 


1.3.1 The Harmonic Oscillator 


Let us briefly recapitulate the quantum theory of the harmonic oscillator as 
it will turn out to be closely related to the formalism of field quantization. 
The Hamiltonian of a one-dimensional oscillator of mass m and oscillation 
frequency w reads 

a p Ley 

oom eon 
To find the energy eigenstates of the system one may write down the 
Schrédinger equation in coordinate representation and solve the resulting 
second-order differential equation for the wave function. An elegant alter- 
native method of solution, which is very convenient for our purpose, is based 


on purely algebraic means. We define the following mixed operator: 


4 mw aaa D 
= — |—— 
SR Comer (1.32) 


(1.31) 
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having the adjoint 


A are EE ee aD 
a a (4 if) . (1.33) 


Note that the factor i makes this a nonhermitean operator. These relations 
can be inverted, leading to 


; h 

GN ge a) (1.34a) 
q fh ee: 

a) > (a—at) . (1.34b) 


The canonical commutation relation between p and G leads to 


[even =e (1.35) 


Expressed in terms of the new operators 4 and 4, the Hamiltonian H acquires 
a very simple form: 


a 1 hmw 2 a h 2 
S.. See ees ee neat 
2 Mig = 2 C a!) v5 moe a') 
= jhw (a'a4+ Gat) = hw (ata+2) . (1.36) 


The space of eigenstates of H can be constructed easily based on the commu- 
tation relation (1.35). The states can be labelled by an integer index n: 


H\n)=£,|n), Te — OD econ (37) 


Starting from a state |n), one finds that @'|n) and G|n) also are eigenstates of 
the Hamiltonian, but with the shifted energy eigenvalues: 


Ha! |n) = hw(ala+ t)at|n) = hwat (ata + 3 ) jn) 
= (E, + hw)a'|n) (1.38) 
and 
Ha|n) = (Ey, — hw)|n) . (1.39) 


The ground state |0) is defined to be the state with the lowest possible energy, 
which implies 


AO =O. (1.40) 


This state has the zero-point energy Eg = thw. The complete spectrum of 
eigenenergies is given by E, = fw(n+ 4). The objects at and 4@ are called 
the ladder operators or raising and lowering operators of the harmonic oscilla- 
tor. They serve to raise or lower the number of excitation quanta (also called 
phonons in some applications). In the framework of field theory their coun- 
terparts will play the role of creation and annihilation operators for particles. 

Any eigenstate of the oscillator can be constructed through repeated ap- 
plication of the operator G' on the ground state: 


In) = a (at)” Jo) . (1.41) 
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The square-root factor guarantees the normalization condition (n|n) = 1; a 
possible complex phase factor was chosen to be +1. The matrix elements of 
the ladder operators are 


(m|a*|n) es wipe i Oneal 9 (1.42a) 
DD) = Peet - (1.42b) 


Up to now we have ignored time. In the Heisenberg picture the time de- 
pendence is carried by the operators. They satisfy the equation of motion 


(m 


ole : 4 
ih a(t) Se | (1.43) 


or, using the commutator relation (1.35), which is valid for arbitrary (but 
equal) time arguments, 


inT a(t) = hw a(t) (1.44) 
This simple differential equation can be solved analytically at once: 

ipsa" HO), (1.45) 
and accordingly 

OND) eee GO) (1.46) 


From (1.34) the time dependence of the position and momentum operators 
g(t) and p(t) follows at once. 

The expectation values of the coordinate and momentum operator vanish 
if the oscillator is in an energy eigenstate, 


(n|a|n) = (n|p|n) = 0, (1.47) 
while higher moments of even order have finite expectation values. If the par- 
ticle is required to move on a definite (mean) trajectory g(t) then the quantum 
state must be a superposition of several energy eigenstates |n). Particularly 
useful in this connection are the coherent states (see Example 1.2), since they 


allow us to make the transition to the classical limit in which the particle 
moves on a well-defined trajectory. 


1.4 The Linear Chain (Classical Treatment) 


Before tackling field theories, as a preparation we study a finite system of 
N discrete point masses lined up on a one-dimensional linear chain, being 
separated by an equilibrium distance a. Neighboring masses are connected 
via elastic springs.* We want to study longitudinal oscillations of the chain. 
As coordinates we take the excursions q,...,qn from the equilibrium position 
of the point masses (see Fig. 1.1). 


? Asa realistic example for such a system one could think of an extended macro- 
molecule. To understand the dynamics of such a system, quantization becomes 
important, which we will treat in Sect. 1.5. 


1.4 The Linear Chain (Classical Treatment) 


(a) (b) 


N i 
q 
lew te isi ie (Ne! Z 
: 
i n & N : 
The Lagrangian of the system reads 
“wm ae 
f= = —@G— —~(ni1 —4Gn)° : 
dah don Gn)? , (1.48) 
which according to (1.5) leads to the equation of motion 
e AK 
méin + = [2(dn — @n—1) — 2(dn41 — dn)] = 0 (1.49) 
or 
Mn = K(Gdn4t1 + Gn—1 — 2Gn) - (1.50) 


An interesting aspect of this equation of motion is its continuum limit. For 
vanishing neighbor separation, a — 0, the combination on the right-hand side 
turns into the second-order derivative operator: 


dn41 — AO ste dn-1 


9? 
72 = pele De Ges) 


Thus the continuum limit of (1.50) is the wave equation 


62 5 feu 
posing yy) 2 eon Me = Ray 
i s at) ee (1.52) 


which describes the excitations of a continuous elastic string. The propagation 


velocity is v = \/a?K/m. 
The system (1.50) of coupled linear differential equations can be written 
in matrix form as 


Gl — oe (53) 


where qg is an N-dimensional vector. Since only direct neighbors in the chain 
interact with each other the N x N coupling matrix A is tridiagonal: 


sa) 


A= BAL ie (1.54) 


The canonical momenta are 
Gul, 
= — 1 ‘hep leas 
Pn = ae q (1.55) 


and the Hamiltonian reads 


Ii 


Fig. 1.1. (a) A linear 
chain consisting of point 
masses that can move in 
the longitudinal direction. 
(b) The linear chain with 
periodic boundary condi- 
tions corresponds to a 
closed ring 


WW, 
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Fig. 1.2. Real part of the 
basis function u* for the 
special wave numbers k = 
0 (dashed) and k=7/a 
(full) 


N 
K 
H= i — pr zs ye 9 (dnt al ihe : (1.56) 


n=l n=l 


Before trying to solve (1.50) we have to specify the boundary conditions. As 
an example, the ends of the chain could be clamped to fixed positions, q, = 
an = 0, which would mean that only solutions having nodes at the boundaries 
would be admitted. Wave-like excitations then would be fully reflected at the 
boundaries. If the finite chain is meant to model an infinitely extended system 
then the use of periodic boundary conditions is advisable. Here the two ends 
are identified with each other: 


qn+i(t) = a(t) , (1.57) 


which implies gvin(t) = @n(t) for any integer n. In this way the linear chain 
is endowed with the topology of a closed ring; see Fig. 1.1(b) (but there are, 
of course, no curvature effects). 

The dynamics of a set of coupled oscillators is best studied by introducing 
normal coordinates. The position coordinates q,(t) are expanded with respect 


to a set of linearly independent basis functions uk, 


10) = aye (1.58) 
k 


where the index k counts the members of the basis set. In principle any com- 
plete set of functions can be chosen for the basis. A natural and convenient 
choice is the use of harmonic functions 
‘te 
k ikan 
ee 1.59 

n JN ( ) 
which makes (1.58) a discrete Fourier decomposition. The index k has the 
dimension of an inverse length and correponds to the wave number of the 
“plane wave” (1.59). The range of values k can assume is restricted by the 
imposed periodic boundary conditions (1.57) since ui, ,,, = uh implies e'*¢% = 
1. Thus k must satisfy 


(1.60) 


where / is an integer. To represent an arbitrary function qg, according to (1.58), 
values of / in the range 


N N 


go Say (1.61) 


are sufficient. Larger wave numbers would exceed the “resolving power” of 
the lattice as depicted in Fig. 1.2 and the associated functions u& would no 
longer be linearly independent. The dimension of the basis {u*} just coincides 
with the number of degrees of freedom N of the system of oscillators since 
according to (1.61) k can take on N different values. 

The basis wave function (1.59) satisfies the orthonormality condition 


N 
a uk ne = Onn c (1.62) 
(e=)l 


1.4 ‘The Linear Chain (Classical Treatment) 
The summation over the position index n can be viewed as a scalar product 
between the basis functions. In this sense different basis functions are ortho- 


gonal to each other and have unit length. Furthermore the basis functions 
satisfy the completeness relation 


Snel (1.63) 
k 
Proof of (1.62) and (1.63). We have to prove 
N 
S- e2mi(i-l’ n/N _ Ga (1.64) 
I 


This obviously is true for / = l'. If 1 and I’ are unequal, (1.64) can be summed 
as a geometric series leding to 


- Qni(I—l’) 
Qni(l—l')n/N _ © ee. 
2 2 ] Seen (1.65) 


The denominator will not vanish since | — I’ # 0 and |l —I'| < N. The 
completeness relation follows in a similar way by using (1.60) and (1.64): 


N/2 


1 os f . i 
> ae 7 a ; Vee = = } | e2ti(n—n )i/N (1.66) 
k k l=—N/241 
i N 
= —im(n—n’') ) Qni(n—n')l'/N _ .—in(n—n') a 
= WV e€ € / =e Sraval = On 7 


eal 


A further important property of the chosen basis functions is their behavior 
under complex conjugation: 


ee ine (1.67) 


Un 


Since the coordinates have to be real quantities, q* = q,, this implies that 
the expansion coefficients in (1.58) satisfy 


a, (i) =a.) (1.68) 


The equation of motion (1.50) for the coordinates g,(t) can be transformed 
into a differential equation for the time evolution of the coefficients a,(t). 
Insertion of the expansion (1.58) and projection on u* by using (1.62) leads 
to 


oy K eS ' 1 
art) = a ) ay: (t) y uk (uk, et 2uk) (1.69) 
is? n 


At this point it turns out to be very useful that the Fourier basis functions 
(1.59) show a simple behavior under translations. The values of uf taken at 
different coordinates n differ only by a phase factor 


(one So ae | (1.70) 
After using this property on the right-hand side of (1.69), we can use ortho- 
gonality relation: 
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Fig. 1.3. The dispersion 
relation of an oscillating 
chain. The dots mark the 
discrete values of k 


Tk 
a 


x(t) = = Se) ol) S Sor oll) (1.71) 


This is the differential equation of a harmonic oscillator with a frequency 


WE = 2~(1—coska) = 2 ee 
Vm Vm 


The dispersion relation of the chain undergoing longitudinal oscillations is 
shown in Fig. 1.3. For small wave numbers, i.e., wavelengths much larger 
than the lattice constant a, the dispersion relation is approximately linear, 
(Gul, Ss Jz |kla. 

In contrast to the original equation of motion (1.50), (1.71) describes a 
system of uncoupled oscillators. The achievement of such a decoupling was 
the reason for introducing normal coordinates. The general solution of (1.71) 
can be written down at once: 


sin —]. 


ka 
2 


(1.72) 


Gp (= Vee eb eu Clie) 


which takes into account the constraint (1.68) ensuring real-valued coordi- 
nates. The general expansion now becomes 


i) = a (Gpemie cee bo et aa (1.74) 
k 


This can be written in a more symmetric fashion if k — —k is substituted in 
the second term (this does not influence the range of summation) and (1.67) 
is employed: 


a Sa (Op ems tite O, eu! tea lar (eas) 
k 


or written explicitly 
1 4 ; 
dn(t) = Ti S> @ eo ilwet—kan) a bt eto) ; (1.76) 
k 


The second term is the complex conjugate to the first one so that the coordi- 
nate is indeed real. We will often encounter expansions of the type (1.75) in 
this book. 

In order to apply Hamilton’s formalism to the problem of the oscillating 
chain we have to express the canonical momenta p, in terms of the normal 
coordinates. Using (1.55) and (1.75) we find 
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Db) mn S > (-iwe) (Dreme a! pF cea? | : (1.77) 

k 
The expansions (1.75) and (1.77) can be used to evaluate the Hamiltonian 
(1.56). A somewhat lengthy calculation (see Exercise 1.1), which makes use of 


the orthonormality of the basis functions and of the dispersion relation, leads 
to 


El) Bane Wy ie (1.78) 
k 


As expected the energy of the system is constant in time. When dealing with 
quantum fields we will frequently encounter quadratic forms of this kind, the 
only difference being a replacement of the classical normal coordinate b; by a 
quantum operator by. 
The Poisson brackets between the normal coordinates b, and bj. take the 
following simple form (see Exercise 1.1c) 
=] 


{bk , Cee cs Ta: OkR! (1.79a) 


HUE ee = 0; 0} 0. (1.79b) 


The knowledge of the normal coordinates can be used to construct solutions 
to the initial-value problem for the coordinates q,(t). The starting conditions 
9n(0) and g,(0) are projected on the basis u*, which yields the coefficients by. 
Then according to (1.75) the motion is known for arbitrary times. As shown 
in Exercise 1.1b this leads to the explicit solution 


i = SS Se [an (0) cos(ka(n — n') — wyt) 
ig 


~~ n(0) sin(ka(n — n') — wat) : (1.80) 


BXERQSSE —— eee 


1.1 Normal Coordinates 


Problem. (a) Derive the Hamiltonian of the linear chain, expressed in terms 
of the normal coordinates b; and bj. 

(b) Solve the initial-value problem for the linear chain using normal coordi- 
nates, i.e., give an expression for q,,(t) in terms of the initial conditions ¢,(0) 
and g,(0). 

(c) Compute the Poisson brackets between the normal coordinates b;, and bj. 


Solution. (a) The expansions (1.75) and (1.77) for the coordinate and mo- 
mentum have to be inserted into the expression (1.56) for the Hamiltonian 
H=T+Y. The part for the kinetic energy thus becomes 


ii > SS S-(—iwe:)(—iwe) 


n kk! 
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& / —* pent / 
x [bx by eile tee} uk uk — by bpe OT OS) uk ae 


. Le nT . f 
~b* by tile: —He)t yk mk 4 pt bt etilen tue)e 1, aE) ee) 


The second and third term in the sum can be simplified by using the orthonor- 
mality relation (1.62), which allows us to perform the summation over n. The 
same procedure can also be applied to the other two terms since according to 
(1.67) the relations 


Book = —kit k 
ei = ig eS pe, 
n 


So uktukt = by (2) 
hold. In this way the k’ sum in (1) breaks down and (using w_, = wx) 
P= “ we [b-xbe e~Ziwet _ by b* — BED, + bY dF ened (3) 


k 
The potential energy 


= - >, (ce Qn)” & 


can be treated similarly. After insertion of the expansion for gn41 and qn, 
(1.70) can be used to express uk, in terms of uh, which leads to 


K —i(w,r tw, ik'a ika : 
P= oo) tine ee EE Say aye, 
muah 


+ bp: bi. Ce cael e — ie (cima es 1) uk’ ake 


nm 


+ bt. by eI LSS La et = (er? = 1) uk *uk 


n 


n Un 


ae Deplor error (eae _ ene? = 1) uk * | ; (5) 


Again, two of the sums can be eliminated and, using (e~!** — 1)(et!** — 1) = 


4sin? £2, we get 


mM KR, ka —2iw * * * Dx iw}, 
Vay MEE sin? = [b_nbg eo 7** + by by + Dy be + bY, bE ete]. (6) 


The factor in front of the square bracket, according to the dispersion relation 
(1.72), becomes w?, which agrees with its counterpart in (3). Thus the kinetic 
and potential energies can be combined to yield the simple result 


H=T+V = S- moj (budj + debe) = > 2maZ dj de . (7) 
k k 


(b) The connection between the initial conditions and the normal coordinates 
is given by 


n(0) De (b,uh, + ae ; (8a) 


k 
Gn(0) = SY (-iwg) (beuk — bpuk*) . (8b) 
k 
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The coefficients b, are obtained by projecting these expansions onto the set 
of basis functions. The initial positions lead to 


XL Un” In(0) » ( 2 ope oy ybtyk'* *) 


> (bn On ke + by Ok ,—k) 


ki 
by oF b* 5 (9) 


where use was made of the orthogonality conditions (1.62) and (2). For the 
initial velocities we get 


es CG, (O10, (b, —b*,) . (10) 


These two equations can be solved for b,, yielding the expansion coefficients 
as a discrete Fourier transform of the initial conditions: 


i k i 
= Aos(0) eos 
5 te (aa(0) + = din) (11) 
The information contained in the initial conditions (2N real numbers) is now 


encoded in the set of N complex numbers b;. The solution of the initial-value 
problem is known for all times t: 


Qn(t) = D, (bs e Wkly k BL tiwnzt uk) 


2 23 5 [aw (0) ( (mie abuts + etivet uk*uk,) 


+ Gn (0) (o-¥* ubakt — tient ukrut,)] (12) 
Wk 


Using the abbreviation 
ill 5 ' 
—iw,t uk ukt pare oc i{ka(n—n')—wyxt 
Grog (= X (Ss ie = N X (e ( ) (13) 
this result can be written as 


dntt) = D> [0 (0) ReGov ) ~ de (Tin Gn (| (14) 


n! 


leading to (1.80). Because of the completeness relation (1.63), the condition 
Gnn’(0) = bnn holds, so that (14) obviously satisfies the initial condition at 
Ue 


(c) By generalizing (11), the connection between the normal coordinates by 
and qn OF Pn at arbitrary time ¢ reads 


= 3 Duke (an) + mld) - (15) 


It is easily checked that the right-hand side does not depend on time. The 
Poisson bracket 


Me 


Exercise 1.1 


18 


1. Classical and Quantum Mechanics of Particle Systems 


Exercise 1.1 


Ob, OD}, Ob; Ob; 
oT = —— — 16 
{Pe Pit cx Opn OPn On oy 
is obtained by differentiating (15) and using the ae relation 
1-i . ' 
* — -_ pilwe—wyr )t kx : i ; 
Hoe cehee = rea ell k k (—+ =) Ee = oe Onk P(e) 
A similar calculation shows that the other Poisson brackets vanish: 
| Op Oe fan = 0p Oe ee OR (18) 


1.5 The Linear Chain (Quantum Treatment) 


To make the transition from classical to quantum mechanics one replaces the 
position and momentum coordinates of the point masses by linear operators 
Gn and jy. These operators satisfy the commutation rules (for equal time 
arguments, which will be suppressed) 


[Gn ie = inn ’ (1.81a) 
[Gn Gn’ | = [Dn Pr | =0. (1.81b) 
The Hamiltonian of the system according to (1.56) is given by 
ee eR 
H=) —* =(Gn41 — Gn)? - 1.82 
De amin + Dy 7 Go Gn) (1.82) 


As we did in the classical treatment we will again introduce normal coordi- 
nates, expanding the operators g, and pr, in terms of a basis u*. The expansion 
coefficients 6, now of course will be operators in Hilbert space. In analogy with 
(1.75) we expand 


Gn(t) = D> (be(t)uk + Of ut) (1.83) 


k 
and for the momentum operator 
in(t) = >(—immen) (Be(t)uk — BL uke) (1.84) 
k 


These operators are hermitean by construction, g = g, and Pl, = in, which 
guarantees that their expectation values are real. The basis expansions can 
be inverted as in the classical case (see (15) in Exercise 1.1): 


=5Lw (4000 os Pnit ) (1.85) 


The time dependence of 6, (t) is very simple: 


b(t) = e7** 8, (0) . (1.86) 
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This is easily checked by inserting (1.85) and (1.82) into the Heisenberg equa- 
tion and using the canonical commutation relations, which after some calcu- 
lations leads to 


Md. = = ; 
ine Oe = [be , H| => hwy by . (1.87) 


Equation (1.85) allows us to calculate the commutators between the operators 


b(t) and bt (t). Using (1.81) and the orthogonality relation (1.62) we find 
(equal time arguments of the operators are assumed) 


, Et) = So by coe oe 
[bx ) bi. ae 4 pa lan + wm Pn y In! warm Pn 
A 
-= Drnen Onn (1.88a) 
and 
[on ,50] = [bt ,6t] =o. (1.88b) 


Note that the prescription (1.13) relates these results to the Poisson brackets 
(1.79). The operators b, carry the dimension of a length so that the commu- 
tator (1.88) contains a factor that has the dimension of (length)*. It will be 
advantageous to split this factor off and introduce new dimensionless opera- 
tors ¢, by defining 


& = ee (1.89) 


The expansions (1.83) and (1.84) then become 


lla = egos are (a(t ee Remel(t us ie (1.90) 


imwz /. i ‘ 
ao = = (é(t)uk — eh e)ué*) é (1.91) 
k 
and the commutation relations read 
ee. 2] = Ske, (1.92a) 
bac = iE aileaw (1.92b) 


When transforming the Hamiltonian (1.82), the calculation of Exercise 1.la 
can be used essentially unchanged. Only in the very last step does the operator 
property of b, play a role. According to (7) 


i Bigs, ee hy eee 
i = > mux (b 6}, + bh bx) = py on (&éf ar éLéx) 
k k 
Shwe (ale . 1) | (1.93) 
k 
This is the Hamiltonian of a system of uncoupled harmonic oscillators with 


energies fiw,. Equation (1.93) contains also the zero-point energy 5 liwe per 
oscillator mode. The quantized vibrations of the system are called phonons. 
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The eigenstates of the Hamiltonian can be constructed in the same way 
as in Sect. 1.3, the only difference being the appearance of an index k which 
describes the N different oscillator modes. Since these modes are uncoupled 
the energy just is given by the sum of the various contributions. Accordingly, 
the state vectors are given by direct products over subspaces corresponding 
to the different eigenmodes. The operators ¢, and él are annihilation and 
creation operators for phonons. The ground state |0) of the chain (which of 
course contains zero-point motion) is characterized by the property 


é,|0)=0 for all k. (1.94) 


Multi-phonon states containing nz phonons in each of the excitation modes k 
are constructed as direct products in the following way: 


ln) = Jmi,m2,-..) =] ] |ne) (1.95) 
k 
where (1.41) applies for each vibration mode: 


rmx) = = (aL)"" |ox). (1.96) 
These states satisfy the stationary Schrédinger equation 

(H — E,)|n) =0, (1.97) 
with the energy eigenvalues 


En = >> hw (ng + 3). (1.98) 


AMPLE 
1.2 The Linear Chain Subject to External Forces 


Up to now we have studied a freely moving system of harmonically coupled 
point masses. Now the chain will be subjected to the influence of an externally 
applied force. This force ¥,, may vary in space but it is assumed to be constant 
in time. The force is described by an additional contribution to the potential 
energy which is proportional to the spatial coordinate g,. The Hamiltonian 
of the total system then reads- 


H=H+”V, (1) 


where Hp is the unperturbed Hamiltonian (1.93) and the additional potential 
energy is given by 


Vi = — D1 Fade - (2) 


If we use the expansion (1.90) of the position operator this becomes 
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lI 


V; YS 2 Sy 
n k 
z (Fe + Fé) , (3) 
k 


where the Fourier coefficients of the force are given by 


Is ee 2 : 
= k oe ikan ; 
= re ——— uk im an d Pie (4) 


The complete Hamilonian thus reads 


H= 2 Ene nels ar 4) — Fyéx — Fz¢h.) : (5) 


aie 
(éxuk = Luk") 
2mw 


me interaction operator is linear in the creation and annihilation operators 
él and ¢,. Owing to this simple structure of the interaction a transformation 
can be found which diagonalizes the Hamiltonian and thus again provides a 
decoupling of the oscillator modes. It is sufficient to introduce a shift of the 
operators by suitable c numbers a,. We introduce a set. of new creation and 
annihilation operators through 


dy = Ch — Op ) a Sel =e), (6) 
This transformation leaves the commutation relations unchanged: 

[di 7c i] = Onn - (7) 
Expressed in terms of the new operators, the Hamiltonian becomes 

i = > (fiw (dt dy +4) — dy(Fy — of fin) — dl (FS — at Fve) 

k 
+ huwelax|? — anFe — a Fit) é (8) 
Obviously one has to choose 
il 

Ak = Fig, —F; (9) 
in order to make H diagonal. The result is 

6s Sy cl ae a) t= V8 (10) 

k 

with 


ae | Fi P=) fwelos|? . (11) 
k 


From this we conclude that the excitation spectrum of the linear chain under 
the influence of (time-independent) external forces remains essentially the 
same. The only influence is a simultaneous lowering of all the eigenenergies 
by the value AF, Le., 


75), ==) ineial ys S= Gy) arAVel, (12) 
k 
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q 
Va i 


Fig. 1.4. The influence 
of a constant external 
force lowers the potential- 
energy curve of a_har- 
monic oscillator but does 
not change its shape 


This drop in energy corresponds to the work expended by the external force in 
order to bring the system to the new equilibrium configuration. Note that the 
“potential well” always gets lowered, irrespective of the strength and direction 
of the applied force, as demonstrated in Fig. 1.4 (for a system with one degree 
of freedom). Since the perturbation is linear in g the new potential V = Vo+ Vy 
remains a parabola of unchanged shape. 

The state vectors can be obtained by applying the creation operators di 


to the new ground state |0,a@) which is defined by 
d,|0,c) =0 forall k. (13) 
This leads to 


In, a ayy |0, a) , (14) 


iL 
jallllegeg 
The notation applied here explicitly takes into account that the eigenstates 
of the interacting system will depend on the force parameters a;,. This im- 
plies that the interacting and noninteracting ground states also do not agree 
|0, a) # |O). The explicit connection between these states will be derived later 
(see (37)). 

The transition from the free to the interacting system accomplished 
through (6) can be formulated in an elegant manner by introducing a uni- 
tary transformation between the operators. We will construct a shift operator 
S(a) which has the following property 


S(a) Ck St(a) = (+a, 

S(a) a Sta) = adtoax. (15) 
The unitarity condition for this operator reads 

St(a) = $-(a) . (16) 


This transformation operator (its explicit form will be derived soon) is chosen 
in such a way that it diagonalizes the Hamiltonian H. Inserting S~1S = 
StS =1 and applying S from the left the eigenvalue equation, we change 


|v) = E|v) (17) 
to 

(SHS') S|) =ES|¥) or ‘A |’) = Ely’), (18) 
with 

H' = SHSt, (19a) 

[oe = Shee (19b) 
The transformed Hamiltonian H’ follows as in (8): 

H' = SHSt = 5" hu, (che, + 4) + AE, (20) 

k 


where AF is the energy shift defined in (11). Thus H' has the same structure 
as the original Hamiltonian H in (10) but is still expressed in terms of the 
operators Cx. 
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The eigenstates of (20) are given by 

a) = TI] Fa (eb)™ 0's) (21) 
with the ground state 

\Onayy = S(a) |0, a) , (22) 
which satisfies 

GeO ya) 00 for alll k (23) 


The energy spectrum of course is again given by (12), remaining unchanged 
under the unitary transformation. The state vectors |n', a) are related to the 
|n, a) through the transformation operator S$. Let us check the consistency of 
both calculations. For the ground state the transformed equation (23) reads 


0= $14. |0,a) = (& —ax)|0,a) =d,|0,a) , (24) 


and thus agrees with (13). If we introduce factors 1 = S'St, the general eigen- 
state (21) can be written as 


S'ln', a) = lls 


= (StaLS)"* Sto’, 


a) 


)"*|0,a) =|n, a), (25) 


= yale 


in agreement with (19b). Here and in the previous equation we used the 
inverted version of (15) 


Stas = é — ay = dk , 

Stats = é@-az=di. (26) 
_ What still is missing is an explicit contruction of a transformation operator 
S(q) that fulfills the conditions (15) and (16). It will turn out to be useful to 
express this operator as the exponential function of another operator A(qa): 

S(a) = eM(a) | ZO 
The exponential function of an operator can be defined via the Taylor expan- 
sion. Since S is unitary and since the general relation (e4)t = eA! (e4)-1 = 
e-4 holds, the operator A must be antihermitean: 

At (a) =—A(a) . (28) 
Now we demand that (15) holds, i.e., for all values of k 

ef Ck eA =Cp t+ ar. (29) 


Let us investigate the Taylor expansion of the expression on the left-hand 
side: 
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e4 & e~4 (1+d+3A4...)a (1-At+di? =...) 


= & + (Ae -— ed) +4 (Me — 248.4 + ed?) +... 


& + (A, a] +$[A,[4,a)] +... (30) 


This amounts to an infinite series containing multiple commutators of progres- 
sively higher order (see Exercise 1.3). The postulated equation (29) obviously 
is satisfied if 


[A, Cx] =AQAr (31) 


holds. Since this commutator is a c number, all the higher multiple commuta- 
tors simply vanish and the series (30) terminates. The condition (31), because 
of (1.92), is satisfied for all k if one chooses 


A(a) = ~ So age. (32) 
K 


This operator is not yet antihermitean. We can, however, enforce this property 
since it is possible to add any linear combination of annihilation operators 
é, to (32) without violating (31). Thus we extend the operator A to the 
antihermitean form 


A(a) = - 2 (cxél — ais (33) 
k 
This is the final result for the transformation operator since it also satisfies 
the second condition (15): 


ef é e4=& + Qi, - (34) 


The unitary shift operator $(a) thus reads explicitly 


S(a) = exp (- Si iex:! — aiés) , (35) 
k 

Finally we will study the connection between the ground state |0,a) of 
the perturbed sytem and the old ground state |0), which describes the system 
in the absence of external forces. The transformed ground state |0’,a) can 
serve as a bridge between them. Comparing the defining relations for |0) and 
|0’, a), (1.94) and (23), we find that they coincide. Thus we can make the 
identification 


[ve Soe (36) 
The state |0’,a) thus actually does not depend on the force coefficients a; 


after all. This dependence was “transformed away” by the operator S(a). 
From (36) and (22) the perturbed ground state is given by 


|0, a) = Sta) |0) = exp (Sleds — ajc) \0) : (37) 


k 


The operator acting on |0) contains a complicated mixture of creation and 
annihilation operators when expanded into a Taylor series. It would be con- 
venient to isolate that part which consists of the annihilators only since their 
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action on the ground state is trivial, i-e., é|0) = 0. Indeed there exists a very 
valuable general operator identity which can be put to use here. It allows us to 
factorize an exponential function of a sum of operators into the product of ex- 
ponential functions. As shown in Exercise 1.3, the Baker-Campbell-Hausdorff 
relation reads 


A+8_,-4,8),4,B a 
where A and B are operators which satisfy the condition 
[A, [A, B]] = [B,[A, By] =0. (39) 
If we define 
A=) uel , B=-Yoate , [A,B] =~ lex | , (40) 
k k k 


then the condition (39) is obviously satisfied and (38) can be employed to 
simplify (37): 


0,2) 


exp (=; Dies!) e( anit exp(~Deiés) \0) 
exp (-5 Dew) exp > axét lo) . (41) 
k k 


The BCH relation (38) also tells us that the transformation operator $(a) 
can be factorized with respect to the various eigenmodes, since the operators 
Cc, and et belonging to different wave numbers do commute: 


Bia)=— ||| Sx) (42) 
k 


As a consequence the ground state can also be factorized according to 
Jo,a) = []|0, a) . (43) 
k 


The perturbed ground state according to (41) is given by a coherent su- 
perposition of infinitely many multi-phonon states of the free system: 


|0, ox) = seep pene! |0) 
[oe) 
= en flax’ Ss = a (eh) |o) 
Ne= 
= Sih pee ay 44 
€ en | k) (44) 


Here |n,) refers to the state consisting of n, phonons of frequency wx which 
was introduced in (1.95). The ground state of the perturbed system is said 
to contain a superpositon of virtual phonons. The probability of finding n, 
phonons of the type k is given by the squared projected amplitude 


2 me 2 iL ae 
[(nx|0, a)| =e lax | al lel? Le (45) 
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This is just the well-known Poisson distribution. The mean number of virtual 
phonons of type k is given by 


5 (0,ae|ne) (ne|ehée|0, ax) 
Ne 


(0, ay. |2h 2,0, Qk) 


ae) 2 
» Nk |(rux|0, a)| 


np=O 
= 2 —lox|? = i 2(nz—1) 
= axl’. (46) 


This result is quite plausible: the number of virtual phonons of wave number 
k present in the shifted ground state grows with the intensity of the corre- 
sponding Fourier component of the perturbing force. 

A quantum state which is constructed as a superposition of states with 
varying particle number according to (44) is called a coherent state. In terms 
of a formal definition a coherent state is introduced as an eigenstate of the 
annihilation operator.’ This is confirmed by the following calculation, which 
makes use of (15): 


cet (ax) |0) = St (an) (e& + az) |0) = axSt(ax)|0) 
= olan). (47) 


The same result also follows immediately from (13) and (6). 

For any set of complex parameters a, a coherent state can be defined 
through Eqs. (43) and (44). The usefulness of coherent states is not restricted 
to the example of the shifted ground state of a chain of oscillators. Among 
other applications coherent states play an important role when the transi- 
tion to the classical limit of a quantum system is studied. Whereas we know 
from (1.42) that for pure phonon states the expectation values of creation 
(annihilation) operators vanish, a coherent state leads to a finite result. With 
coherent states, the classical limit can then be performed by simply replacing 


é.|0, ax) 


Ck > Ok and at > a). (48) 


This is valid provided that the operator under consideration has been normal 
ordered, which implies that product terms are constructed in such a way that 
creators are always positioned to the left of annihilators. 

The expectation of the position operator (1.90) in the coherent state |0, a) 
is given by 


Gn(t) 


(0, a Gn(t) |0, a) 
y | h (4 eet ak a cl crane) 
k 2MwW 


* We note in passing that eigenstates of creation operators do not exist. A state 
é}|W) necessarily contains more phonons than the state \¥). The analogous argu- 
ment applied to the annihilation operator does not work since éx|0) = 0 vanishes. 
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ee h i(kan — wxt) 
oo: x | ore 2 Re[ax e (49) 


In contrast to (1.47) this is a finite value that represents the equilibrium 
displacement reached under the influence of the external forces. 
The energy expectation value in a coherent state is found from (5) to be 


(0,0||0,a) = S> [hue (lox|? +3) — Fhox - Frag]. (50) 
k 
This quadratic function of the admixture coefficients a; is minimized if a, = 


(1/fw,) Ff is chosen. This is just the result from (9) for the ground state. 


Remark. A somewhat pathological special case results if the external force 
has a k = 0 component. This implies that a combined net force F = 50, Fn # 
0 acts on the chain. Because of the factor w, = 0 in the denominator of the 
expressions for a;,, energy, displacement, etc., divergencies appear. This is the 
result of the lack of a restoring force that could counter F. Consequently the 
system as a whole undergoes an unlimited acceleration. 


RRR. 


1.3. The Baker—Campbell—Hausdorff Relation 


Problem. Prove the following identities for the operators A and B: 


Giueme Ben — F445) |A4 (4, Bll +... , (1) 
(b) eae = a 2 a7 Z1A.B] (2) 
povided that {[A, B], A] = [[A, B], B] =0. (3) 


Hint: instead of a term-by-term inspection of the Taylor series, a more elegant 
treament proceeds as follows. To prove (1) introduce a continuous auxiliary 
parameter x and study the generalized expression 


U(z) =e"4 Be . (4) 


U(a) satisfies an integral equation whose iterative solution, taken at the point 
x = 1, coincides with (1). Similarly (2) can be generalized to 


Differentiation with respect to x leads to a differential equation for the 
operator-valued function Q(x) which can be solved easily, provided that (3) 
holds. 


Solution. (a) To find an integral equation for the operator U(x) we differ- 
entiate (4) with respect to z: 
dU 4 2A Dp 2A 2A SrA gq 2 ha 
ee Be =e pee aA, (2)\: (6) 
ey 
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The solution is fixed uniquely through the initial condition U(0) = B. As 
one immediately verifies by differentiation the following integral equation of 
Fredholm type is equivalent to (6): 


U(z)=B+ i [A, U(y)] - (7) 


This integral equation can be solved iteratively, which amounts to constructing 
the Neumann series. In the first step one identifies 


TO(r) =B, (8) 
and subsequently 
FOG ean / dy (4,0 y)] = B+ (A, Ble, (9) 
i) 


followed by 


OGD) = B+ | dy [4,0%w] = B+ f dy [A, B + [A,B] y] 
0 0 


B+{A, B)a + [A, (A, Bl} 42? 
This procedure can be repeated n times 
UM (¢) = B+[A, Ble +...+ [A,[...,[A, B]]] 42” - (10) 


In the limit n — oo this leads to (1) when we set x = 1. 


(b) The differential equation for the operator Q(x) is obtained by deriving 
(5) with respect to the parameter z: 


A a Ra fs ay uf A “ A dO EB fe a 5 
(A ae B) er(AtB) Aet4 Q(x) eB a erA = ow aL erA Q(x)B eB (11) 
or 
Ber4G ee! = oA eS 84 eA Gber | (12) 


After multiplication by e-tA from the left and by e~* from the right, one 
arrives at the differential equation 


dQ 
dz 


Now we can make use of the operator identity (1). Since the multiple com- 
mutators involving A vanish according to (3), the series is seen to terminate 
and (11) becomes 


dQ _ 
Es | 


= eA Ber C= O0be (le) 


B aA, B)) 0 - OB = -2 (A, 80+ [8,0]. (14) 


Assuming that the operator QO commutes with B this reduces to the simple 
differential equation 


— =-z[{A,B]Q where Q(0)=1. (15) 
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The solution reads 
Ole) ca te (16) 


This solution also justifies the assumption made when going from (14) to (15) 
since the operator Q commutes with B provided that [[A, B], B] = 0, which 
is true by assumption (3). If we set x = 1, the result (2) is obtained. 


Note: If the condition (3) is not satisfied then (2) will contain an infinite series 
of multiple commutators. The general result has the form* 


eAc® = exp{ A+ B+ HA, B]+ 4 (3([4,8],8] + 3[4,(4, BI) 


4 This result dates back to the mathematicians Campbell, Baker and Hausdorff. 
The original publications are J.E. Campbell: Proc. Lond. Math. Soc. 29, 14 
(1898); H.F. Baker: Proc. Lond Math. Soc. Ser. 3, 24 (1904); F. Hausdorff: Ber. 


) 


Verh. Sachs. Akad. Wiss. Leipzig, Math.-Naturwiss. Klasse 58, 19 (1906). 
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2. Classical Field Theory 


2.1 Introduction 


Up to now we have been concerned with systems of point masses character- 
ized by a discrete set of coordinates q;(t). Now we will turn to the study of 
fields. Each point of a (finite or infinite) region in space will be associated 
with some continuous field variable which we will denote by the generic name 
¢(z,t). This obviously constitutes a system with an infinite number of de- 
grees of freedom. The dynamical variables of the theory are now the values 
of the field ¢(a@) at each point of space instead of the discrete set of coordi- 
nates q; encountered previously. The space coordinate 2 plays the role of a 
“continuous-valued index” 

The Lagrange function now is a functional of the field, ie., a mapping 
from a space of functions to the real numbers. It is customary to denote a 
functional dependence by square brackets: 


L(t) = L[9(@,1), 6(@,#)) . (2.1) 


Being a functional, L(t) simultaneously depends on the values of ¢ and ¢ at all 
points in space. Note that the functional does not depend on the coordinate 
x itself. 

In order to apply Hamilton’s principle we define the variation of a func- 
tional F[¢(ax)] as 


éF[¢] = Fl¢+69]—- Fi¢] 
— fy, 9FI¢l 
= fe ne cOre) bG(a) . (2.2) 
In the second line the functional derivative 6F'/6¢(x) of the functional F'|¢] 
with respect to the function ¢ at the space point x was introduced. This tells 
us how the value of the functional is changed when the value of the function ¢ 
is varied at the point x. As we will discuss in Sect. 2.3 in some more detail, the 
functional derivative obeys many of the rules of ordinary differential calculus. 
Let us apply (2.2) to the Lagrangian (2.1), which depends on the functions 


¢ and ¢, 
F éL ub 
6L[¢, ¢] = |e (Say ee) 4p Ss sie)) (2.3) 
ie 56a)” * S6(e) 
Both sides of this equation have an additional time dependence which is not 


marked. Integration of the Lagrangian leads to the action W[¢, | which is 
also a functional of the functions ¢ and ¢. By integration over a time interval 
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t, ...te (often ¢; = —oo and tg = +00 are chosen), the variation of the action 
follows as 


tg 
6bwW = 6 | dt L[¢, 4] 
sl ee 


Of ee Soe éL 6b. ) 
= [ did-2 (seeniote + 5p(e,t) 6¢(a, t) 


a eas Che ol ) 
me, did: (a 1) 84 56(a,t) 6o(ax,t) . (2.4) 


Here an integration by parts was performed and the boundary condition 
6d¢(x,t,) = 6¢(x, tz) = 0 was used, together with the relation 6¢ = 0/0t 6¢. 
Hamilton’s principle of stationary action 


ties 
sw{o,4)=6 | dt L{4,4) =0 (2.5) 
ty 
thus leads to 
bo 0 6 
56 Sour = (2.6) 


which is just the Euler-Lagrange equation (1.5) generalized to field theory. 

To get a better understanding of the somwhat “abstract” notion of func- 
tional derivatives let us for a while return to a discretized description. We 
assume that space is divided into small cells of size AV;. With each cell we 
associate the respective average value of the function ¢(z, t), i.e 


MOVE x da $(e,t). (2.7) 


Now L depends on the discrete set of “coordinates” ¢,, di. The variation of 
the Lagrangian then can be written as 


5L(4i,¢i) = Yq + Se i) 


il 1 6L 
Sar 66; boi + AV, ae = 66%) AV (2.8) 


Since variations at different spatial points are assumed to be independent, a 
comparison of (2.8) and (2.3) stipulates the identification 


bL(t) 1 VE) 

5o(x,t)  Avix0 AV; ddi(t) ’ 

bb) _ 1 L(t) 

6¢(z,t) Wes AV; &6;(t) ’ (2.9) 


where z is located in the cell AV;. The functional derivative thus essentially 
means differentiation with respect to the value the field takes at the point x. 
To be more specific, in the following we will consider local field theories in 
which the Lagrangian L can be written as a volume integral over a density 
function L: 
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Ly [2x c(6@,), Vole, 8), (0,0) (2.10) 


The Lagrange density may depend on the field function ¢, on its time deriva- 
tive ¢, and also on the gradient V@. In principle £ could depend also on 
higher derivatives of ¢. This, however, would have undesirable consequences, 
since the resulting equations of motion would be of higher than second or- 
der. Furthermore we will not study nonlocal theories in which the Lagrange 
density at x has an additional dependence on the value of the field at other 
space points y # «. The restriction to local Lagrange densities containing 
first-order derivatives has been found to be sufficiently general to form the 
basis for all present-day field theories. 

When constructing a Lagrange density, one starts with considerable free- 
dom. The choices get narrowed down by imposing the symmetry and invari- 
ance properties the theory under consideration is expected to satisfy. As the 
most basic requirement for any relativistic field theory the Lagrange density 
must be a Lorentz scalar. 

Using the Lagrange density C, the variation of L(t) can be written as 


6L(t) = [ee ( 5 ie 5 Slat) + oN Rea) 
a 5 56(a, ») 
a |e ( (sea = Vane) oe 
“See sc.) : (2.11) 


Here the relation 6V¢ = V6¢ was used, followed by an integration by parts. 
To justify this procedure the fields and their derivatives on the surface have 
to approach zero fast enough. Comparing this with (2.3) we arrive at explicit 
expressions for the functional derivatives: 


6L(t) = Le v OL (2.12a) 
64(z, t) d¢(z, t) a(V 4(z, t)) 
6L(t) OL 
5p(@,t) — G(@, t) | 
Expressed in terms of the Lagrange density the Euler-Lagrange equation (2.6) 
reads 


(2.12b) 


JL v OL ve OL 
d¢(a, t) A(V G(x, t)) Ot Ad(z, t) 
or, using relativistic (covariant) notation’ with 2" = (2°,2) = (t,2), 
OL G) ee 
dg(a) dx" (0,4) 
Here the four-dimensional gradient was written as usual as 0¢/0x" = 0,6 = 
(:, V)¢. 


! Where not stated otherwise we will always use relativistic units, i.e., we set c = 1. 


=p (2.13) 


=). (2.14) 
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As soon as the Lagrange density of a physical theory is known the field 
equations can be written down, taking the form of partial differential equations 
in the variables x and t. This will be worked out later in great detail for the 
Schrédinger, Klein—Gordon, Dirac, and Maxwell fields. Since we have assumed 
that £ does not depend on derivatives of higher than first order, the fields 
satisfy differential equations of at most second order. 

If the Lagrange function depends on several independent fields ¢,,r = 
1,...,N, then (2.14) can be generalized as 


ad a 
db, Oz O(OuGr) 


Problems can arise if the components ¢, are mutually dependent, as will be 
the case for particles with nonzero spin. 

We finally remark that the field eqution can also be deduced directly, 
i.e., without the formal introduction of the functional derivative, from the 
variational principle 


=0. (2.15) 


6 Pat [ez C(o@), ence) — 0 (2.16) 


by using integration by parts in four dimensions. 


2.2 The Hamilton Formalism 


To apply Hamilton’s formalism to a field theory, one first has to define a 
“momentum” that is canonically conjugate to the field variable. In analogy 
to (1.6) we define the canonically conjugate field by the functional derivative 
6L(t 
nm(a,t)=— ) : (a7) 
6o(x,t) 
According to the results of the last section this reduces to an ordinary deriva- 
tive of the Lagrange density 
ai 1 OL(t) eee 918 
avino AV; 54i(t)  08(@,1) ee 
The time derivative of a follows from the Euler-Lagrange equation (2.6) 
6L 


1 (a, t) 


i t) = ————_ . 

m (2, t) idle.) (2.19) 
Now the Hamiltonian is introduced through the Legendre transformation 

H(t) = [esne,no(e,0) L(t). (2.20) 


This can also be written as an integral over the Hamilton density H (a, t): 
A [eon where H(xr) = x(x) (x) — L(x) . (2-21) 


Hamilton’s equations of motion take a form reminiscent of the earlier result 
from ordinary mechanics; see (1.8): 
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Or : 6H 

Ea ; a, (2.22) 
These equations are derived by taking the variation of H and using the Leg- 
endre transformation (2.20): 


6H = | d°z (dda +75¢) —6L= [o° (oda — 7 59) , (2.23) 
since 
SES [os (s 66+ 56) = [os x (io +764) . (2.24) 


This directly yields (2.22). 

Since the functional H[¢,7] can depend on ¢,7 and their gradients 
V¢, Va the functional derivatives in (2.22) can be expressed explicitly in 
terms of the Hamilton density 1 as 


oH = on = \W/ oH 925 
56 ad  ° aWd)’ ea) 
6H Ort OH 

ét OO ~ Vaan aoe) 


Finally let us study the role of the Poisson brackets in field theory. Given 
two functionals F[¢,] and G[¢, 7] we define 


ie oe 6F &G 
1B Ghpp = [es (gana - Bona) ee 


Because of Hamilton’s equations of motion, (2.22), the time evolution of a 
functional satisfies 


ae dee F(t) 4 SFY) oe = 
Pw) = fers (FE ba) + 8 #@) = (pe (2.27) 


provided that there is no explicit time dependence. 

There is a seemingly trivial but very important special case which allows 
the immediate evaluation of a functional derivative. This is based on the 
observation that a function can be written as a functional depending on itself: 


Ct = fer d(x’, t)6? (a — 2’), (2.28) 


where 2, like t, can be viewed as a parameter of the functional. The functional 
derivative with respect to ¢(x’,t) then reads 


6o(x,t) = 63 
6o(2',t) 
This plausible result follows from the defining relation for the functional 

derivative (2.2) through 


= [ee aa , Salaeay, (2.30) 


The result also can be understood in the framework of the discretized formu- 
lation involving volume elements. Since ¢(z,t) is then localized in a spatial 
cell taking the value ¢;(t) the derivative becomes 


(x—2'). (2.29) 
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6G(a, t) 1 09; bij 3 
a = =fieon). 231 
Sé(a!.t)  atito AV; 06; = Ave ey 


Obviously the relations 
én(ax, t) 
Oat) 

and 
én(z,t)  do(x,t) _ 
6¢(x',t) dn(x',t) 

also hold since ¢ and 7 are independent functionals. 

With the use of (2.31)-(2.33) the Poisson brackets of ¢ and a with the 
Hamilton function can be evaluated: 
9(z, t) {$(z,t), 7) } on 
[oo Sg (x,t) b(t) 6H (2.34) 


= 6°(z — 2’) (2752) 


(2.33) 


6o(x',t) 6x(x',t) da(a, t) ’ 


and similarly 


eet) -— eons) eh 
_ 3 of ie t) 6H(t) __ 6H(t) 
Seaman en CS 


These are Hamilton’s equations of motion (2.22). 
The mutual Poisson brackets of the fields will turn out to be of special 
interest. For these we find 


' — uw 6¢(z,t) én(a',t) 
(6,0, Dhoy = [0 Ey samy 


[eto (x — 2")53(a' = ca) 
63(a2 — =’) (2.36) 


and because of (2.33) 


{$(2,1), 6(2',)}py = {1(@,2),7(2',t)}py = 0. (2.37) 
These simple relations of course only apply if both fields are taken at equal 
time values t' = t. 

A field theory can be quantized in the same way as a discrete mechanical 
system by replacing the Poisson brackets by commutation relations between 
operators in Hilbert space. This will be treated in detail later. 


MATHEMATICAL SUPPLEMENT Ei 


2.3 Functional Derivatives 


The discussion of field theories makes ample use of the functional derivative, 
i.e., the differentiation of a functional with respect to its argument. Here we 


2.3 Functional Derivatives 


want to present a brief and nonrigorous discussion of the definition and some 
properties of this mathematical operation. 

Let F[¢] be a functional, i.e., a mapping from a normed linear space of 
functions (a Banach space) M = =e ) : « € RR} to the field of real or complex 
numbers, F: M — Ror C. The object 5F[¢]/5¢(x) tells how the value of 
the Ammebional changes if the function ¢(z) is changed at the point x. Thus 
the functional derivative (also known as the Fréchet derivative) itself is an 
ordinary function depending on z. As its defining relation we will use 


oF(é) = fax re 62) (1) 


which implies that the total change in F upon variation of the function $(z) 
is a linear superposition of the local changes summed over the whole range of 
x values. Figure 2.1 illustrates this construction for the simplest possible case 
of a scalar function in one dimension. 

As in ordinary differentiation, the functional derivative can also be repre- 
sented as the limit of divided differences. To see this we construct a variation 
of the “independent variable”, i.e., the function ¢(x) which is localized at the 
point y having strength e: 


bo(x) =e6(x—-y). (2) 
Inserted into (1) this leads to 


dF [4] = F[¢ + €6(z — y)] - Fld] = de Ie eS 0) 
or in the limit of vanishing ¢ 
éF[g] _ Fig + d(e -y)] - Fld] | (4) 


Bd(y) <0 € 


This relation is equivalent to the definition (1) and is well suited for the 
practical evaluation of functional derivatives. To arrive at unique results we 
must specify the order of the mathematical operations. We introduce the rule 
that the limit « — 0 has to be taken first, before other possible limiting 
operations. Note that the x dependence on the right-hand side of (4) is only a 
formal one; it might have been preferable to write e(- — y) for the variational 
function, in keeping with the notation ¢(-) instead of ¢(x), which is used 
sometimes in the mathematical literature if x is a “silent” argument. 

Most of the rules of ordinary differential calculus also apply to functional 
derivatives. Obviously we deal with a linear operation. For the product of 
two functionals G[¢] and H[¢] the product rule applies. The derivative of the 
combined functional F[¢] = G[¢] H[¢] is given by 


SEI _ $610) sud ' 
Similarly the chain rule can be ue to the functional of a functional: 
6 6F |G] 6G{[¢] 
spy Cll = f* Fac BaG) 2 


The proof of (5) and (6) mutatis mutandis can be taken over from ordinary 
differential calculus. In a special case of the chain rule the functional G[d] 
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t 
9(x)+59(x) 


Fig. 2.1. Illustration of 
the functional derivative 
of a functional F'[¢] 
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Supplement 2.3 


may be an ordinary function g(¢) being localized at the point z. Then the 
integral in (6) disappears and we have 


7 __ 6F _ dg(d) 
Say) 9! = SEE) aoe) ’ ”) 


Now let us illustrate the functional derivative through a few specific examples. 
Note that all integrals in the following will extend over the whole real axis. 


iL, Fig| = fax (¢(x))”. (8) 
Equation (4) leads to the functional derivative 

PICS eat as Pewee pee (eae 

We) ease (fs (¢(z) + d(x — y)) [2 (4(2))") 


: | dz n(9(z))"'6(e — y) = n(d(y))"™ (9) 


In this case functional differentiation cancels the integration over x. It should 
be noted that here the limit « — 0 had to be taken before the integration since 
otherwise indefinite expressions of the type (6(2 — y))? would have appeared. 
The result (9) can immediately be generalized to any function g(¢(zx)) in the 
integrand, which has a Taylor series expansion. Each term of the power series 
can then be treated as in (9), which leads to the result 


6 
se [ev o(o@) = 9 (9(y)) . (10) 


The prime denotes the derivative of g with respect to its argument. The same 
result would also have followed from the chain rule (7). 


d n 
2. Fld} = [av (<a) | (11) 
The prescription (4) yields 
éF[¢| 


Fae) = 1 <( fae (gale) + ote n})” - fax(z-9@)") 
= tim far (SE) +e) see s00)- (GY) 


d@ n—-1 d@é n—-1 
drs ee een | a 
n fax (SE) le a a(—) ‘ 
Here in the last step an integration by parts was performed. This result can 
also be extended to general functions h(d¢/dz): 


6 dé ad ah 
soy fae) = “ea®)|, 


(12) 


(13) 
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3. Fy] = [eo 2600" | (14) 


As indicated by the index, this functional carries an additional dependence on 
the coordinate y. The derivative with respect to ¢(«) simply gives the integral 
kernel: 


6Fy 5 
ae = Ky,z). (15) 
4. F,[¢] = (2) . (16) 


This “trivial” functional associates the function ¢ with its value at the point ue 
i.e., it has a parametric coordinate dependence as had the previous example. 
The functional derivative gets very simple: 


6Fz(¢] |. 1 = 
shy) = ih < (ola) + ble — ») - 42) = 5(@-y) (17) 


Because of (1) this result is intuitively clear since the value of ¢ at x can only 
change if the variation 6¢ acts on exactly the same location. 


a2, (e|= Vea) . a 
We obtain 

belo). I 7 

Soy) <0 —(V2(o(z) + €5(a - y)) — Ved(z)) = Ve6(e-y). (19) 


In this example the difference between functional differentiation and ordinary 
partial differentiation is clearly evident. In the latter case V¢ and ¢ are viewed 
as independent functions leading to the result 


OF, _ 
aa 0. (20) 


2.4 Conservation Laws in Classical Field Theories 


Conservation laws, i.e., the existence of quantities which do not change in time, 
independent of the dynamical evolution of a system, play an all-important role 
in theoretical physics. The conservation of energy, momentum, and angular 
momentum are fundamental laws that any theory has to guarantee if it is 
to give a valid description of nature. In addition to these basic properties, 
physical systems often possess further additional conserved quantities, such 
as charge, isospin, or generalizations thereof. From a fundamental point of 
view the conservation laws are natural consequences of the symmetry proper- 
ties of a system. For each continuous transformation of the coordinates and/or 
the fields under which “physics does not change” the existence of a conserved 
quantity can be deduced. For instance, the conservation of energy, momen- 
tum, and angular momentum are based on the invariance of a theory under 
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temporal and spatial translations and under rotations in space. Similarly the 
conservation of charge follows from an invariance under phase transforma- 
tions. 

The mathematical foundation of this connection was elucidated systemati- 
cally at a the beginning of the century. The link between symmetry properties 
and conservation laws is know as Noether’s theorem.” In the following we will 
derive this theorem for a general classical field theory and general symme- 
try transformations. Subsequently the various conserved quantities mentioned 
earlier will be derived as special applications of the theorem. 


Noether’s Theorem. Let us first consider the case that the action integral 
does not change if the coordinates are subject to a continuous transformation. 
It will be sufficient to study infinitesimal transformations of the kind 


v= Ty t+ zy . (2338) 
Let the corresponding change in the field ¢,(x) be 

$1. (a") = Gola) + bde(2) (2.39) 
with the resulting change in the Lagrange density of 

Es = (ny Ola). (2.40) 


Here for brevity’s sake the functional dependance of the Lagrange den- 
sity L(z) = L(¢(xz),0¢/dx,(x)) was omitted. L'(x') is obtained by in- 
serting the primed quantities into the original Lagrange densitiy C'(2') = 
L(¢'(x'), O¢' /Ox',(2")). It is important to understand that the variation de- 
fined above consists of two ingredients, namely the transformation of the co- 
ordinates from x to x’ and furthermore the change of the “shape” of the 
field function from ¢ to ¢'. As an obvious example, think of a vector field 
that changes its direction if the coordinates system is rotated. Therefore it is 
useful to define a modified variation 


6¢,(x) = d(x) a r(x) ’ (2.41) 


which keeps the value of the coordinate zx fixed and only takes into account the 
change of shape of the field.? The two types of variations are related through 


5$,(2) = ¢,(z) — ¢,(z') + ¢,(2') — ¢(z) 
= 64(2) — (9L(2")- G4(2)) = 54,(2) - °F) bn, 
= 6¢,(z) — = ODye (2.42) 


In the second but last step the first term of the Taylor expansion was inserted 
and finally, in lowest order, ¢/.(a), was replaced by ¢,(x). Thus this equation 


? E. Noether: Invariante Variationsprobleme, Nachr. d. Kgl. Ges. d. Wiss. (Math. 
phys. Klasse), Gottingen (1918), 235. 

° The quantity 5¢,(x) is sometimes called a total variation, whereas 5¢,(z) defined 
in (2.39) is the local variation since here x’ and x refer to the same point, which 
is represented differently only in terms of the two sets of coordinates. 
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aa ae 
and many of the following results are only valid up to first order in the varia- 
tions. This is sufficient since the whole treatment in any case only applies to 
infinitesimal variations. 

The modified variation 6 quite conveniently has the property to commute 
with differentiation 0/dz,,: 


O rs 0¢,(a ) 
—$¢,(z) = ; 

Ou, ea) oe Ob, eee oS 
This is immediately obvious from the definition (2.41). Variations of the 6 


type do not share this property. When calculating the gradient one finds an 
additional term 


O O O 
Bz, Sor) 


Ba, Or(@) ~ Fy or) 
Z eae = caste) , (0!) dd, (2") 


OL', CMe) OL, Oxi, 


_ (ee ‘jee Oz'Y Og, (z') fy 0 oe, ) 
= ie On, ae Ox}, 
_ (es 2). Og). (a O¢,(x') Oba" 
- ORY Ag OL, 
Ob, (& 06, (2) ) 06x" 
Se OT 2) 4 Orv OL, : (aa) 


where, according to (2.38), the identity 02” /Ox, = g’"+ 06x" /Oxz,, was used 
and the last step is valid only to first order. 


Now we study the consequences that follow if the transformations (2.38) 
and (2.39) leave the action integral invariant, i.e., we demand 


6bW = d’x' L'(2') — / d‘z L(x) =0, (2.45) 
QQ 2 

where £2’ denotes the same volume of integration as (2, being expressed in 

terms of the new coordinates z’. We introduce the variation of the Lagrange 

density into: (2.45) 

ie | dx se(0) +f d‘2' L(x )— f atec(a). (2.46) 

92! 

Transformation of the volume of integration in (2.46) introduces a Jacobi 

determinant that in first order reduces to 


1 Odxg Odxg 
Oxo Oxy 
Oba ee oes 
tp Oz 
 — ey Je = . : d*x, 
Ca) : : o. wae 
0623 
| 3 ee 0x3 
= (14+ Se )ate. (2.47) 
Oat 


All terms involving mixed derivatives of the variation 6z’" are of higher order. 
If we use the modified variation of type (2.42), (2.46) is simplified in first order: 
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Obx" 
4 4 
[a be(0)+ | ¢ wh(2) a, 


i dte(5e(a) ++ obser) + f ate cy Fo 


éW 


Il 


Ox 


4(& d I 
= [a n(6L(c) + —— (L(x) 6a )) ; (2.48) 


Ox 


Now we express the total variation 6£(z) in terms of the variations of the 
fields and their derivatives: 


NE) 56.0) + aeyh (ge) 
2 ee ene Z (goes) 
($a ge 2 
- (2-2 (eee foe 
+ gee (2.49) 


Here (2.43) was used, i.e., the fact that variation and differentiation can be 
interchanged. We use the summation convention not only for the Minkowski 
indices but also for the component index r. Thus for fields ¢, with several 
degrees of freedom, r = 1,...,.N, a summation over r is implied whenever the 
index occurs twice in an expression. 

Now we nearly have reached our goal. Since the range of integration (2 can 
be chosen arbitrarily, the integrand of (2.48) itself has to vanish if the action 
integral is to be invariant, as postulated in (2.45). Using (2.49) the integrand 
reads 

OL(Z) a (OCG) 
0¢, OL, O(0"6,) 


|Boece) a = | xanpyee (x) + L(x)6a"| = 0. 
(2.50) 


The first term is recognized as the Euler-Lagrange equation (2.14). This term 
therefore vanishes, provided that the field ¢, satisfies the equation of motion. 
We are left with an expression with vanishing four-divergence that, using 
(2.42), can be written as 


9 | OL(z) 

d(0"¢,) 
This is an equation of continuity for the vector field defined by the terms in 
the square bracket, i.e., 


ne 
Cry 


(64, (2) — sl év) + clk = 06 (258) 


Cn, 


f(z) =0 (2.52) 


with the “current” density 
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OLE CLT) 00, 
Fale) = seeps Or(o) ~ (eee 2 gu ct))ba" (2.88) 


As is well known, an equation of continuity is just the expression of a conser- 
vation law in terms of a differential equation. This becomes obvious if (2.52) 
is integrated over three-dimensional space and the theorem of Gauss is used: 


0 
0 = Or [ex = fla) + + [ bev Fe) 
d 
ip | Pe fole) + y+ f do: Fle). (2.54) 


The value of the integral over the surface OV vanishes since the fields and 
their derivatives are assumed to fall off sufficiently fast at infinity. Therefore 


— 35 Gi 
Ge i dx fo(z) (2.55) 


is a conserved quantity having a value constant in time. This is the essential 
result of Noether’s theorem: 


e Kach continuous symmetry transformation leads to a conservation 
law. The conserved quantity G can be obtained from the Lagrange 
density through the use of (2.53) and (2.55). 


Let us now study several important applications of Noether’s theorem. 


(1) Invariance Under Translation. The invariance under translations 
ge = gh te (2.56) 


follows from the homogeneity of space-time. Since the shape of the fields is 
supposed not to change under translations, 


$,(z') = $,(z) , (2.57) 
the local variation vanishes, 6¢, = 0, and the conserved “Noether current” 


takes a simple form. The differential conservation law (2.52) reads (after split- 
ting off a constant factor €”) 


0 
—O,, =0 2.58 
On, ee ( ) 
with the canonical energy-momentum tensor 


JL 00- 
O07 0,) On" 
Because v = 0,...,3 this implies four conserved quantities, which are the en- 
ergy £ and the momentum vector P of the field. In four-dimensional notation 


Cr = Cie : (2.59) 


JEP = (Uae 2) ==/| d?z ©” (x) = const . (2.60) 


Let us remark that the tensor O,, defined in (2.59) in some cases turns 
out not to be symmetric. It is possible, however, to go over to a symmetrical 
energy-momentum tensor T,,, = T,, by adding a suitable term with vanishing 
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NN 


four-divergence. The new tensor also satisfies the conservation law (2.58) and 
yields the same value of P“. We will come back to this question in Example 
Qos 


(2) Lorentz Invariance. Four-dimensional space-time is assumed to be not 
only homogeneous under translations but also isotropic with respect to rota- 
tions. Therefore the action is required to be invariant under Lorentz transfor- 
mations. These (proper) Lorentz transformations are known to include ordi- 
nary three-dimensional rotations in space as well as velocity transformations 
(Lorentz boosts) which can be viewed as rotations in mixed spatio-temporal 
hyperplanes of Minkowski space. A general infinitesimal rotation is given by 


eee et ae CZ) 
The matrix 6w"” depends on the rotation angles (in four dimensions) and is 
antisymmetric 

ba" = — bus (2.62) 
This ensures that the length of the vector x“, measured with respect to the 


Minkowski metric, remains invariant under the transformation. This is true 
since in the lowest order 


cate = ae at ei) (ap + Ee) 


EG Ow feta OW, a 


= go, +27,7,00 =2'r, + 2,0 low ow“). 2.63 
ps i ps ie 


which leads to the requirement (2.62). 

The transformed field function ¢/.(z’) will show a linear dependece on the 
rotation angles and on the values ¢,(x). We describe this dependence through 
the general ansatz 


Ba") = de) + 58itue (I”),,b6(2) (2.64) 


The quantities J*” are the infinitesimal generators of the Lorentz transforma- 
tion. The physical fields ¢, transform according to an irreducible representa- 
tion of the Lorentz group. Therefore the (I 2) r, are the elements of the matrix 
representation of the corresponding infinitesimal generator. They describe a 
mixing of the various components of a multicomponent field (e.g., spinor, vec- 
tor, ...). The infinitesimal generators can be chosen to be antisymmetric with 
respect to the Lorentz indices 4 and v, [#” = —I’", since a symmetic part 
does not contribute to (2.64) because of (2.62). Thus there are six independent 
generators. Three of them, (u,v) = (1, 2), (1,3), (2,3), correspond to spatial 
rotations whereas the remaining three, (u,v) = (0,1), (0,2), (0,3), describe 
Lorentz boosts, i.e., velocity transformations along the various coordinate 
axes. 

For completeness we remark that the infinitesimal generators satisfy the 
following commutator relations: 


a ? Tez] = + Quolyr ae Gurlve = Gurlye ak Sie linee . (2.65) 


* For more details see the volume W. Greiner: Relativistic Quantum Mechanics 
(Springer, Berlin, Heidelberg, 1990). 
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This Lie algebra defines the structure of the Lorentz group and is valid in any 
representation. The matrix indices r,s,... have been omitted for brevity in 
(2.65). 

The transformation relations for the coordinates (2.61) and for the field 
(2.64) can now be inserted into Noether’s theorem. According to (2.53) this 
leads to the conserved field 


te) — a(d"6,) 9 Own (J ee: (x) = Onvdw “Ty ; (2.66) 
where O,,, is the energy-momentum tensor introduced in (2.59). If we use the 
antisymmetry of é6w”>, the last term can be written as 


ea, 
On0s. 2) — 5" (Our =Car), (2.67) 
so that (2.66) becomes 
1 
ee 5 ou" Muva(2) (2.68) 
with the abbreviation 
OL 
Mia) = nay i Crea. + Daxd,) Ler) esha) 6 (2.69) 


The corresponding integral conservation law tells us that the antisymmetric 
tensor 


OL 

— 143 

NEY = fs L leona rae Cope ar D(G94,) ler) rs Ps (@) (2.70) 
is a constant of motion. Here M,, plays the role of the tensor of angular 
momentum. This becomes obvious for the spatial rotations, i-e., when taking 
the values 1, 2,3 for vy and 4. Then (2.70) is split into the following two parts: 


Mn = Jl ote en evel) 
where 
Ln = [os (mou = 71 on ) 
OL 0 0 
= & seas, = ee Me, 
[: * (dr) ( da an)? (2) , (2.72) 
and 
OL 
= Dep — ff jpn : ; Dols 
os iE Baap (e eote(®) (2.73) 


The first part, L,., contains one component of the cross product between 
the position vector and the momentum (or rather the momentum density). 
Therefore L,; has the meaning of the orbital angular momentum orthogonal 
to the plane spanned by the x, and 2;. The second contribution, S,;, con- 
tains the generators (J™) and thus depends on the intrinsic transformation 
properties of the field ¢,. It describes the internal or spin angular momentum 
and will look very differently for, scalar, spinor, or vector fields, for exam- 
ple. In addition to describing the angular momentum the tensor M,, gives 
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three further conserved properties with mixed spatial-temporal indices. These 
quantities are related to the relativistic generalization of the center of mass. 

The space component of the angular-momentum tensor, Min, has three in- 
dependent components and can be mapped to the three-dimensional angular- 
momentum vector J. This is achieved by contraction with the antisymmetric 
unit tensor 


Mica (2.74) 
The cartesian components of J are then given by 
JP=Mz3 , JF =Myn , FP =My (Os) 


or, written in closed form, 


i Espa Mai . (2.76) 


This follows from the contraction rule for the three-dimensional Levi—Civita 
tensor 


Enlk €nlm = 26km - (25078 


(Note that here the summation convention was applied to three-vectors for 
which no distinction between covariant and contravariant components was 
needed.) 


(3) Internal Symmetries. The symmetries investigated so far have all been 
related coordinate transformations (four-dimensional translation and rota- 
tion). This has led to conservation laws which are of fundamental importance 
and have to be valid for any physical system. In addition, the Lagrange den- 
sity of a given theory can exhibit further invariance properties not related to 
space and time. This can happen for fields with an internal structure, which 
is indicated by the presence of several components ¢,. An infinitesimal inter- 
nal symmetry transformation amounts to mixing these components. It can be 
written as 


$1.(t) = $r(z) +i S~ Apshs (2) - (2.78) 


If this transformation leaves the action variable invariant, Noether’s theorem 
at once leads to a conserved vector field. If we use 


2 — Oo PEs ne) (2.79) 


the “Noether a reads 


= 2 Bares) O( cis rie) Fang) a iE ArsPs(2) ® (2.80) 
The conserved quantity obtained by integration is called a Noether charge 
Q = fa yD ara) ren a (2.81) 


As an important application of this concept, let us study a complez field 
described by a Lagrange density which is invariant under phase transforma- 
tion: 
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P=Htiep , G = G* ied". (2.82) 


This relation also can be written in the notation of (2.78) by taking the real 
and imaginary part of ¢ as the two components of a real field (¢1, 62) so that 
Ay2 = 1,A21 = —1. It is more convenient, however, to adopt a complex field 
and to take 6¢ and 6¢* as independent variations. This leads to the conserved 
current 


: . OL OL 
xz) = (-i){ ——~ d(x) - ———~ : 
jul) =(-O( sea 6) - aye") (2.83) 
where a convenient normalization factor was introduced. The transformation 
coefficients with respect to the “components” ¢ and ¢* are given by \1; = +1, 
A22 = —1. The Noether current jn turns out to be identical with the usual 
electromagnetic current density, as we will demonstrate later. 


DRNMPLE ———— 


2.1 The Symmetrized Energy-Momentum Tensor 


Noether’s theorem leads to equations of continuity, i.e., to conservation laws in 
differential form. The densities and currents obtained in this way are not fixed 
uniquely since it is possible to add certain four-dimensional divergence terms 
without influencing the equation of continuity. Let us illustate this for the 
canonical energy-momentum tensor O,,,. We define a modified tensor through 


ie = On ain O Xow ’ (1) 


where the tensor Xo, is arbitrary except for the requirement of being anti- 
symmetric with respect to the first two indices: 


Xopy = —Xpov - (2) 
This condition guarantees that the conservation law remains unchanged: 
Ol: = OND ae oan 
1 
= GaGa + pe Coa + Mae) = oO On = 0 . (3) 


Also the total energy and momentum are not affected by the transformation 


(1): 
P= |e i [ee (Go. + O° xoov + O* xonv) = [ee Coy =F) 


Here yoo, vanishes because of (2) and we have assumed that Xo, falls off 
fast enough at large distances to assure that the surface integral in Gauss’ 
theorem can be neglected. 

The additional freedom of choice expressed by (1) allows the construc- 
tion of a modified energy-momentum tensor T,,, which is symmetric under 


permutation of the indices:° 
Tyo e (5) 
5 J. Belinfante: Physica 6, 887 (1939). 
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Example 2.1 


As a side effect, the energy-momentum tensor constructed in this way can 
be used to find a simpler formulation of the conservation law for angular 
momentum. We define the modified angular-momentum tensor 


Mur = Dixty = oa geN 5 (6) 
which does not contain the additional term contained in (2.69). Then the 
following differential conservation law for M,, is derived immediately: 


OY Myr = (OeT n) ay 7 plan al (Ci) =O x i = Sipe =I, —0 (7) 


The tensor M, uv again has to agree with the canonical angular-momentum 
tensor M,,,, up to a four-divergence: 


Muv> oa Myvr a O" Nenu ’ (8) 
where 7 has to be antisymmetric in the first two indices 
Nopvrx = —Muovr - (9) 


The same argument as in (4) shows that the conserved quantity remains 
unchanged: 


M, = [os Mova = [os Mop — ae (10) 


Now we will construct the transformation function x,,,,. Inserting the 
explicit expressions for M,,, and M,, into (8) gives 
(Che +r Ove Ney = (Oy oF O Nei )th 
OL ie 
= Ore ap — Cre + AaHd,) er)rs Qs at ) To pur . (11) 
Now make a special choice for the function 7, in such a way that the 
expression (11) get simplified: 
Nopyr = Lv Xopr — Ud Xopv 3 (12) 


which, because of (2), satisfies the condition of antisymmetry (9). Equation 
(11) becomes 


oC o o OL 
(0 Nena ee = (0 Nae con ia 0 (ip Xopr —= Jb Mone) = HlaHs,) eryrehs 
(13) 
or 
OL 
Xvpr ~ XApyv = ~ O(O#O,) (exes ds . (14) 
The quantities /,, are antisymmetric in v, A: I,, = —Iy,. The relation (14) 


serves to determine only that part of y_,,, which is antisymmetric with respect 
to v + 4. Thus the general solution of (14) reads 


aye 
Xvpr = 2 DH) Ler rses + Gypr; (15) 


which contains an arbitrary part symmetric in v, A: 


2.5 The Generators of the Poincaré Group 


49 


Qupr» = Arpv » (16) 


This freedom can now be put to use to satisfy the original requirement (2). 
We choose 


Bei OL OL OL 
Xv pr — 2 lacey loa ar HO" dy ler?rs ap wary eeb| Ps ) (17) 


where the added term obviously satisfies the condition (16). The required 
antisymmetry with respect to the interchange v © 1 is easily checked: 


1 aL aL OL 
a [-ayarany Coal amgry loa + arargey lode] 


= — mm 5 (18) 


by using (Iny)rs = —(Uvy)rs and interchanging the first terms in (17). 

Thus we have found that although the canonical energy-momentum ten- 
sor in general (the exception is the scalar field) is not symmetric it can be 
symmetrized by adding the divergence of (17). This has the added benefit of 
leading to a modified angular-momentum tensor having the simple form (6). 
The symmetrized form of the energy-momentum tensor, T,,,, is often viewed 
as more “fundamental” than the canonical tensor O,,,. We remark that it is 
also possible to deduce T;,, directly from a variational principle.® 


Xpvr 


2.5 The Generators of the Poincaré Group 


As shown in (2.55), for each continuous symmetry there exists a conserved 
quantity 


@=z i Bax (7156, = (h-Oubn = gov £) 5” ) | (2.84) 


Not surprisingly these conserved quantities play a central role in the formula- 
tion of a field theory. In particular the knowledge of G allows us to determine 
the corresponding (total) variation 6¢,(x) = ¢/(x) — ¢,(x). For this, one has 
to calculate the Poisson bracket: 


SDN) = EO Ca (2.85) 
Because of this connection, G is called the generator of the symmetry trans- 
formation (which should not be confused with the infinitesimal generators [*” 
of the Lorentz group). 


Proof of (2.85). We first show that the Poisson bracket can be reduced to the 
functional derivative with respect to the conjugate field 7,(x): 


— fara! (Seco). _6G__ _ Sor(a) 5G 
{ $; (x) ’ Gla. = ic - (Cac Ona), ome) sa.te9) 
6G 


= Sa. (2.86) 


6 See A.O. Barut: Electrodynamics and Classical Theory of Fields and Particles 
(Dover Publications, New York 1980). 
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This derivative is easily evaluated if there is no time translation, i.e., for vy = k #0 
in (2.84): 
6G 6 


Ces Or ARS oe) 


dobr(x) — 6x" Ox, (a) . (2.87) 
According to (2.42) this just coincides with the total variation bb, (x). In the case of 
a time translation, v = 0, the evaluation of the functional derivative is not quite as 


easy. We have to take into account that the “velocity” field GQo¢(x) = o(x) depends 
on 7(x). We assume that this function (without the indices), 


= 60.8) (4,74, 0) (2.88) 
can be inverted as 
¢ = I1~*($, V¢,7n) . (2.89) 
Then when forming the derivative of (2.84) we can use the functional chain rule: 


56,(x) — br(x)dx° (2.90) 


= Sate 5be(x"’) a ete ( he ; 
| Oo Smee) ae neti tad) 


In the last term the derivative is meant to act only on dbs and not on 7,. This term 
is found to cancel since 


OE 
ad? ' " 
(mos —L =mi(r )— =0 2eOil 
bbe ca feet Ssiieeliaigi cadeasonr ee 
according to the definition of the conjugate field. By the way, this can be derived 
at once from the functional Hamilton equation (2.22) for the field 7. Thus we again 
find 


6G 


ey —00,(7 ou Covet) — oon) (2.92) 


and the relation (2.85) for the generator has been proven in both cases. 


Now we want to study in more detail the properties of the generators G in 
the case of the fundamental relativistic symmetries. The homogeneity and 
isotropy of space-time lead to the conservation law for the momentum vec- 
tor (2.60) and the generalized angular-momentum tensor (2.70). The set of 
translations, spatial rotations, and Lorentz boosts together form the inhomo- 
geneous Lorentz group, also known as the Poincaré group. This is a Lie group 
with 6+4 = 10 parameters (3 rotation angles, 3 boost velocities, and 3 spatial 
and 1 temporal shift). Using (2.60) and (2.70) we can write the generators of 
this group as 


1 
Oh Sa ae Oe MP (2.93) 


According to (2.85) this allows us to determine the variation of the field under 
the coordinate transformation «'" = éw",2” +". For translations, (2.56) and 
(2.57) lead to 
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{ ¢,(z) , alae = O” o,.(2) ’ (2.94) 
and for Lorentz transformations, (2.61), (2.64), and (2.42) yield 
{$,(z) ’ M } op = Clad 3s (x) F ah" by in LYON by (2.95) 


The generators P* and M*” are connected through a set of relations which 
are known as the Poincaré algebra. In the framework of classical field theory 
this algebra is realized in terms of Poisson brackets. The Poincaré algebra 
reads 


leq ee (2.96a) 
{Muy ) eee = GurP, = Gparly , (2.96b) 
{Muy ’ Menon = QvaMur + Gur Mue — Gur Myo — Dele 6 (BRIE) 


The Poincaré algebra is an expression of fundamental properties of space 
and time. Therefore relations similar to those in (2.96) will also hold for quan- 
tum fields, except that the Poisson brackets will be replaced by commutators 
(see Sect. 4.3). 


RRS. 


2.2 The Poincaré Algebra for Classical Fields 


Problem. Show the validity of the Poincaré algebra (2.96a-c). 
Hint: Use Hamilton’s equations and the equation of continuity for the mo- 
mentum density. 


Solution. (a) To evaluate the Poisson bracket 


ey. Oe Hey le 
3 ee v 1 
(Pes Pobew= [02 (sets aeia ~ Entiat) © 
the functional derivative of the four-momentum 
Py = [ebx! (m(2')0 br(2") — g0p£( 82"), 8(2"))) (2) 
has to be formed. For p = 7 #0 we find, using integration by parts, 
pei 7 Bad) 
Ca (ao One = —0,7,(2)). (3) 
5$5(x) =a 


In the case i = 0, P,, agrees with the Hamiltonian H and Hamilton’s equation 
leads to 
Oey oe) 
6¢s(x) — 6¢s(=) 
Equations (3) and (4) can be combined. Similarly the derivative of the con- 
jugate field can be found, leading to 
6P, ley 
Gea) #7)» Gea) = 


The Poisson bracket (1) then reads 


—i,(z). (4) 


= Onbs(2) - (5) 
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Exercise 2.2 


a [ee Bayi = Ove.) (6) 


When evaluating this expression, one has to distinguish between space and 
time indices. If both indices are spatial, 4 = 7, v = 7, then (6) can be trans- 
formed into a surface term, which as usual is assumed to vanish. 


Wee 5 Pan = [ae (0x75 Os = Os O;7s) 


a [oe (0;(70;¢s) ai 1 50;0;Qs anak 0; (7s0;s) ar 150; 0:¢s) 
= (7) 


In the case of mixed indices, js = i, vy = 0, the Poisson bracket can be trans- 
formed to the time derivative of the conserved quantity P;: 


= [ee (os Oi. a as dibs) = [eo Ge dibs ap Ue dibs) 


Ce eo er 


= a f[a%em, a6. = AP; = 0. (8) 
Since Py = H the result (8) just agrees with the equation of motion (2.27) for 


P,. Thus we could have skipped the detailed derivation. 


(b) 
6M 6 Py OM mer} 
Vip eae ee eee 9 
{Mus Pr}pp fe i (Fees 6ns(2)  67,(2x) 3) (9) 
For the case of spatial indices the functional derivatives of the angular mo- 
mentum tensor (2.70) reduce to 


“sa = —InOT she Tien. et GAC ee ; (10a) 
6Mn 
= Ge IK ma Lions all CA es ; (10b) 


The mixed case of space and time indices produces to a supplementary term 
when the ¢, derivative is performed: 


6 . el OL 
= d3 iC ow. 5 bn = ei oe 0 n 
5p [PPE V8 = Bean — ele ye) 
OL OL 
= o=—>—In- =; 1 
aaa)" — 30") oe 
where the Euler-Lagrange equation was used. This leads to 
6Mno OL 
= = nO s as s T 1 rs Rian 4 
5b, TAOS, te Cae yt =m titel bee eae BO" bs) (12a) 
6Mn 
i : = LnOoPs a LOOnds ai Uno)er@r : (12b) 


The Poisson bracket (9) calls for the study of four different cases. Their 
evaluation makes repeated use of integration by parts. For brevity we will no 
longer write down the component indices 1, s. 
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Case 1 
{Mai : Cee = foe | (-2ndrm + 20,7 + TInt) O;? 
+ d:r (2910 - 19nd + Ind) 
2 |e (169m + On 9:1) = GPa —9inPi- (13) 
Case 2 
{Mat , oye = [ox [r(nd — £10, + Iu) + 1d Cp] — £10, + Int) 


= oli =, (14) 


Case 3. One might guess that the Poisson bracket of Myo and Po = H is zero, 
as in (14), since the time derivative vanishes. This is not quite true, however, 
since M9 has an explicit time dependence which has to be taken into account 
when we form the derivative: 

d 0 0 


Meee Se ee a ae 
{ b} pp dzxo : 0X0 OXo : ce) 


Here 0/0209 acts only on the time coordinate explicitly contained in Myo, 
leading to 


0 
{Mno ; Boles = aoe |e (—10n)£o = [eenand — Wy a (16) 
The same result also is obtained from an explicit calculation using (12) . 


Case 4. The remaining Poisson bracket is evaluated as follows 


: OL 
{Mno, ele = [ee |(-ant + £00nt + TIno + aang) O#) 


+ (O;r) (tng — 29nd + Ino) | 
. OL 
3 | Sip Saves eas 
fe z| 00(70;0) fn — Ginto + HO"d) 
The last term under the integral can be expressed through the momentum 
density 


ag]. (17) 


OL 
——)0;6 = Oni t+ gril - 18 
a(d"¢) 6 g (18) 
If we use this result and Qo; = 70;¢, (17) becomes 
{Muos Pi}py = [x [-gin(7d— £) ~ P Oost + Oni) (19) 


Because of the equation of continuity for the momentum current 0° Oo; + 
d* O.; = 0, the last two terms in (19) can be combined into a divergence term 
which does not contribute to the integral: 


{Mno ' Pee = —ginFo + [ee [(O* Oxi) an + Cr 


—ginPo + [ee O* (Oxi tn) = —Gnilo > (20) 


Exercise 2.2 
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Exercise 2.2 


This is the last special case needed to complete the proof of (2.96b). 


(c) The proof of (2.96c) proceeds along the same lines but is rather lengthy. 
For example the case of the spatial angular-momentum components is treated 
by using (10). After several integrations by parts, the Poisson bracket becomes 


6Mi; 6M 6M; 6M 
& 2 Pe) eae = BED 
{Mij, Ma} pop fa o( eae may ) 


= [eon [gin(— 25 + £10;) + Gi esr = TO) 


+ gjx(xiOr — £10;) + g51(CiOn — TEO:) + Liz Te — Tas Tna] Gee) 


which leads to (2.96c) provided that the Lie algebra (2.65) of the infinitesimal 
generators of the Poincaré group holds. The mixed combinations of space and 
time indices can be treated similarly. 


Part II 


Canonical Quantization 


3. Nonrelativistic Quantum Field Theory 


3.1 Introduction 


To introduce the formalism of field quantization we will first concentrate on 
the familiar example of nonrelativistic quantum mechanics. In this framework 
the “motion” of a particle is described in terms of the complex Schrédinger 
wavefunction (x,t). The square ~*~ gives the probability of finding the par- 
ticle at position x. Allowing for the presence of an external potential V (a, t), 
the wave function w(x, t) satisfies the Schrédinger equation 

O lie 

i A = See +V(ax,t)y. (ae) 
The step of setting up this equation often is called first quantization which 
is followed by the step of second quantization. This terminology may be mis- 
leading to some degree. However, in the context of quantum field theory one 
can view the wave function (a, t) as a classical field and (3.1) as a classical 
field equation for describing nonrelativistic particles. 

To make use of the techniques of classical field theory developed in the last 
chapter we have to know the Lagrange density of the Schrodinger field. This 
can be constructed quite easily by “inverting” the Euler-Lagrange equation 
(2.13). We will verify that the following Lagrange density belongs to (3.1) 

Op =P 


L(b, Vib) = ith" - — SV" Vb -V Ga, toe. (3.2) 


When the variation of the action integral is carried out, the functions ~(a, t) 
and w*(x,t) can be treated as two independent fields. This leads to the two 
Euler-Lagrange equations 


0 0OL 
aly OC 006 | aS 
Ow AVY) At dy 
and 
ii OL Co (3.4) 


ayy (Vb) Ot abe 
One immediately verifies that the ansatz (3.2) for the Lagrange density L pro- 


duces the Schrédinger equation (3.1) and its complex-conjugate counterpart. 
The canonically conjugate field associated with (a, t) is 


ct a =i (ot) (3:5) 
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whereas the field conjugate to ~* (a, t) is found to vanish. Therefore there are 
only two independent fields, (x,t) and (x,t). The Hamilton density is 


?} 
ie ee EA Shh ee ew (3.6) 
2m 


which, after an integration by parts, leads to the Hamiltonian 
hi 
f= [bOsghia) = [esv@(-—V?+V@0)9@. (3.7) 


The Poisson brackets of the fields ~ and 7 have already been derived in (2.36) 
ancde(2.37): 


Fae, 6) Te) ae 
(CE Ue t) an 


&(2—z'), (3.8a) 


Gay ak Cr hae le (3.8b) 


3.2 Quantization Rules for Bose Particles 


In the process of canonical field quantization the classical fields w(az,t) and 
n(x, t) are replaced by operators (x,t) and #(z, t) = ihwt (x,t). The compex 
conjugate wave function ~*(x,t) is replaced by the hermitean adjoint field 
operator pt(a, t). As in (1.13) these operators are postulated to satisfy the 
equal-time commutation relations (ETCR): 


[w(w, t) dha’, t)] b(x—2'), (3.9a) 
(via, t) da’, t)] [vt(a,t) ,et(a',f)] =0. (3.9b) 


Because apt was used instead of 7# the factor if has dropped out. In Sect. 3.3 
we will find that (3.9) is not the only possible rule of quantization. As we will 
soon discuss, quantization according to (3.9) implies that the particles satisfy 
Bose statistics. 

The dynamics of the field operators is determined by Heisenberg’s equation 
of motion 


~ il pA 2 : haa 3 
The second equation is seen to be the hermitean conjugate of the first one 
since 


& = ingt =), ay =+(tat — Atdt) =+[0t, At 


= (0,4), Gali) 
where we use the fact that the Hamilton operator is hermitean, Ht = fy. 
With the help of the commutation relations (3.9) one finds that the equation 
of motion for 4)(z,t) leads back to the original Schrédinger equation. To verify 
this we use D, as an abbreviation for the Schrédinger differential operator 
taken from (3.7) 


3.2 Quantization Rules for Bose Particles 
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le 


and we find 
(B(«), Hf] = [ax [b(e), dt (0 Derh(x')] 
= feta’ (6), He) Dede’) + H(@"yD- (O(a), He}) 


= D,ij(z). (3.13) 
Thus the field operator also satisfies the time-dependent Schrédinger equation 
Ow foe F 
iA— = -—V’ : 
ins sees wt+V(a,t)y (3.14) 


Note, however, that this is not a fundamental but rather a derived relation. 
The fundamental law of motion is given by the Heisenberg equation (3.10). It 
is not guaranteed that the field operator ~ always satisfies the same differential 
equations as does the classical field function w. 

In the process of field quantization we have introduced the objects wv, pt 
which are operators in an abstract space of state vectors |). If one wants 
to understand and put to use this formalism it is expedient to construct an 
explicit representation of these operators. For a start we choose a complete 
set of “classical” wave function u;(a). The field operator can be represented 
in terms of a generalized Fourier decomposition by expanding it with respect 
to this set of functions: 


p(t) = > a(t) ui(e) (3.15a) 
pt(a,t) = dat (0) ui (@) . (3.15b) 


The operator property of v(x, t) is now carried by the time-dependent expan- 
sion coefficients @;(t), while the u;(a) are ordinary complex-valued functions. 
These functions are assumed to form a complete and orthogonal system, i.e., 


[erui@) uj) aay (3.16) 
ee ne ae (3.17) 


The expansion (3.15) in general implies summation over a set of discrete states 
as well as integration over a continuum part that may be characterized by a 
real parameter X. In the latter case, 6,; in (3.16) is to be interpreted as a delta 
function with respect to the continuous parameter, 6(A — ’). Insertion of the 
expansion (3.15) into the equal-time commutation relations (3.9) leads to 


5 ui(x) uj (a') [4i(t), @j(¢)"] = O(a — a’) - (3.18) 
ij 
From (3.17) it is obvious that the operators @;(¢) have to satisfy the commu- 
tation relations 
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oe ee 


[ai(t), a! (t)] = 6, (3.19a) 
and 


[a:(t), a;(t)] = [al (t), at(e)] =0. (3.19b) 
We can check this by projecting out the “Fourier coefficients” from (3.15a) 
and (3.15b), 


at) = [ee ut (x) (x, t) , (3.20a) 


at) = [oe es) THE) (3.20b) 


and inserting them into (3.19). 

The interpretation of the coefficients @; becomes particularly simple if the 
system has no explicit time dependence, ie., if the potential reads Via) 
V(z). Then it is quite natural to use the ezgensolutions of the stationary 
Schrédinger equation as the basis for expanding the field operator: 


2 
(-=-v? + V(2)) At) €; se (3.21) 


This immediately leads to the Hamilton operator (for which we will continue 
to use the name Hamiltonian) 


H= [Bept(a,t) (Se +V(x) )) (aw Ee avaves: (3.22) 


The time dependence of the operators a,;(t) is detente by 


ind; (t) = [a.(t), 1] = 5 e:[4i(t), 4) (4; ()] = eai(t) , (3.23) 
j 
which is solved by 
a,(t) = eteet/F a.(0) se teit/Ma, (3.24) 


The use of the eigenfunction basis thus has the effect that the time dependence 
of the operators a;(t) becomes trivial, being characterized by a simple phase 
factor. In the following we will construct the state vectors, making use of the 
time-independent operators @;. This is possible within the Heisenberg picture 
which implies that the operators are time dependent while the state vectors 
are constant. 

The Hamiltonian (3.22) obviously describes the total energy of a collection 
of particles distributed over various excited states u; having energies ¢;. The 
particle-number operator is defined as 


Pp Swale. (3.25) 
i i 
The particle-number operators 7; for different states 1 commute among each 
other since the commutation relations (3.19) imply 
[Aaj] = (ala: ata,) 
Va! [a;, @;] +a! [ai, a! | a5 + al (al, G;)a; + [al al] ples 


424; 


a 
=. (3.26) 
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Therefore the particle-number operator N commutes with the Hamiltonian 


HT and thus is a constant: 

* hee « 1 

P| Seer AIA, AUS co 
N= LNA] = aoe evag alate. =e (3.27) 
aj 

According to the rules of quantum mechanics it is possible to find a common 
set of eigenstates for all these commuting operators. These states are fully 
characterized by specifying the particle numbers n, (i.e., the eigenvalues of 


the operators 7;) for all the states 2: 
Ny Tope) =e rea oy Oe : (3.28) 


The state vectors |n;,72,...) form a basis of the Hilbert space of second quan- 
tization in the “particle-number representation”. This Hilbert space is also 
called the Fock space. The scalar product in Fock space is defined as 


ign Ge |n1, Ne, oo :) = On! nr On} ne eee: (3.29) 


One immediately finds for the total number of particles n: 


N |ni,n2,-.-) = (Son) eset eae Shy (titty, : (3.30) 


z 


The application of the operator al to |n1,n2,...) produces a new state vector. 
Let us calculate the particle number in the new state al |n1,72,-..) using the 
commutation relations (3.19): 


Nalim,...) = > alaja!|m,...) = S— at(s; + ala;) |m,...) 
J J 
= 5 (6,4! + a!ala,;) |m,...)=al(l+N)|m,...) 
J 
= (@eiiaii..): (3.31) 
Similarly one finds 
Wa; |m,.-.) =(n —1)4;|m,-.-). (3.32) 


The operators al and a; have the effect of increasing or decreasing the particle 
number n; in the state u; and therefore are called creation and annihilation 
operators. The whole set of state vectors can be built up based on a single 
state which does not contain any particles. In the context of quantum field 
theory this state is called the vacuum |0). The vacuum is defined as a state 
which is destroyed by the application of any annihilation operator, i.e., 


0; \0)— Oe for ally (ae) 
Many-body states in the occupation-number representation are constructed 
by applying the appropriate numbers n,,n2,... of creation operators to the 
vacuum: 

ee (01) (Gh eee (0), (3.34) 


The normalization condition (3.29) for the state vector is satisfied if the con- 
stant Cn,,... in (3.34) is chosen as 
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1 
Coe = Vmiingl- . (3.35) 
This can be checked if one starts from the scalar product (3.29) and lets 
the operators al contained in the “bra” vector act to the right. As shown in 
Exercise 3.1, repeated use of the commutation relations (3.19) leads to (3.35). 
Finally we find the matrix representation of the creation and annihilation 
operators: 


CR ie nolan Tinney Tt aeee) = M15 Ont ny Ont ni—1 -- 5 (3.36a) 
Cee eon ee gee.) = Ve lite On te) 


To investigate the connection between the Fock-space theory and ordinary 
quantum mechanics we now constract the wave function in position space. 
We start with the definition of a new type of n-particle state vector 


mes 
Jes, @2..-4@nit) = To Pi (writ) (an, t ) 0), (3.37) 


which depends on space and time. This state describes a system of n par- 
ticles that, at a given time t, are localized in coordinate space at the points 


Zj,..-;n- This interpretation can be confirmed if one introduces the local 
particle-number operator 
Nv) = [ 2 He, Hi(e,). (3.38) 
V 


Note that in contrast to N this operator in general will depend on time, in 

view of the possible spreading of the wave function. The index V indicates 

that the integration extends over a limited test volume (which in the limit 

can be taken to be infinitesimally small). Because of (3.9) the operator Ny 

satisfies the commutator relation 

“ Bi 
Nv. dta,0] = fae’ otal ne@—ay={ M9 2Ey 

(3.39) 


Using (3.37) and Ny |0) = 0 it follows that |a1,22,...,2njt) is an eigenstate 
of the operator Ny. Its eigenvalue is 0 if none of the vectors x; lies in the test 
volume V, it is 1 if exactly one x; is contained in V, and so on. 

The localized state vectors (3.37) also form a basis of the Hilbert space. 
They are constructed in such a way that the following orthonormality relation 
is valid: 


Caiemee gpl acaet) 
> P|s°( 2, —2£1)°::O'(ty — z,)| (3.40) 
oa 


Here P denotes the permutation operator which interchanges the ordering of 
the indices. The sum over the permutations of the spatial coordinats arises 
since the ordering of the arguments 2,...,Z» in the state vector (3.37) has 
no meaning. Our formalism describes indistinguishable particles. 
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es eM OCR 
As we know from the eigenstates of the position operator in ordinary 
quantum mechanics the state |x,t) is not normalizable in the strict. sense 
since (x,t|x,t) = 6°(0) =o. If this is annoying, one can construct wave- 
packet states according to 


[a= [eo g(a) |x) (3.41) 
with a square-intregrable function g(a). These states can be normalized as 

(G,|%,) = [overs G (Ge) en a (3.42) 
The same can be done for the many-particle states [eee on ance 


The completeness relation for the localized state vectors reads 
I = |0) (0| + [on |a1,t) (21, ¢| 
+ farxraa, |w1,@2,t) (x1, 22, ¢| Sea Fi (3.43) 


Let us inspect the effect. of the field operators in some more detail. Obviously 
w' (#) has the meaning of a creation operator for a particle at position x. Its 
action changes the n-particle state into an (n + 1)-particle state. From (3.37) 
we can deduce immediately that 


o' (a) |ePnyok enti) = OE UFR een eet) (3.44) 


Correspondingly the field operator (x) has the effect of removing a particle 
at position x. The zero-particle vacuum state gets destroyed: 


p(x) |0) =0. (3.45) 


If there is a finite number of particles n present, one of them can be destroyed 
by w(a). Since this fate can strike any of the particles, this leads to the sum 


A 


il nm 
G2) [a arene = Fa a8 wi Bee) | cies, Bsr) Cee) (a 46) 
I 


as one easily confirms by n-fold application of the commutation relation (3.9). 
Now we employ the localized state vector to analyze the Fock-space states 
in coordinate space. To achieve this we define the probability amplitude 


Cae ee ade (oe E | Dias) (3.47) 
with n =n; +n2+.... Mathematically speaking this is the transformation 


coefficient between the occupation-number basis of the Hilbert space and the 
basis of localized n-particle states. The square oe ae of this amplitude 
clearly tells us the probability of finding one particle each at the positions 
21,-..,2n provided that one knows that the level u; is occupied by n, par- 
ticles, etc. The correct normalization is ensured by the completeness relation 
(3.43) and by (3.29): 
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[ea Besar g\r)* (ri ee wast) ae eae Rrere ) 


[ni n4.-] 
= fon endo iu tee, (eae) Conner eo i ee) 
= bnint nan (3.48) 
The quantity or, (a1,,---,@nj;t) therefore can be identified with the wave 


function of an n-particle system in coordinate space known from ordinary 
quantum mechanics. The equation of motion (3.14) for the field operator 


ifab(ar, N= (eee + V(a))d(2,t) (3.49) 


implies that. our many-body wave function &") satisfies the many-body 
Schrédinger equation. This follows by applying the product rule of differ- 
entiation 


oO an ko 
i 5 Pring Jay Bait) = tHe (wry... yay t|rim2---) 


aoe ae » " 
= thE ai Ol Vn) -+-9)(a1, t) |n1,M2,---) 


=P FOliend 


™“ 


Rs ‘ : 
x (— 5 V2 + V(x) ist) + Blast) |ranay.--) 
= (vi )) a(n ( cn) (3.50) 
7 j 2m : oe [nin2...] L1,---,2n; : a 


The symmetry property of the many-body wave function is of particular inter- 
est: since all creation operators 7! (a;,t) commute among each other the wave 


He hops oyraar according to (3.9) and (3.37) is symmetric 
under permutation of the coordinates. This means that the Schrédinger field 
subject to the quantization condition (3.9) describes a collection of indistin- 
guishable particles that obey Bose-Einstein statistics. 

How does the wave function (3.47) look explicitly when it is expressed in 
terms of the basis functions u;(ax)? Using the expansion (3.15) the one-particle 
state with level k occupied is found as! 


Bn) = (a4{0,...,0,1,0,...) = (0| d(w1)al (0) 


dD wi(aer)(0| aaa (iy) enreleo)- (3.51) 


function & 


The two-particle state with particles in the levels k; and kg (assuming ki # ke) 
has the wave function 


2 at 
ae (Gait) = (x1 x9| aaa |0) 
1 Here we change the notation. In contrast to (3.47) the state 6™ is now labelled 


with reference to the n occupied states k; instead of the infinite (but mostly zero) 
set of occupation numbers nj. 


3.3 Quantization Rules for Fermi Particles 


= 7a L1)U;(L2) (0| aa; at al ay, |0) 
= a (we (a) (a) + rna(r)ens a2) (8.52) 


Otherwise, if both particles occupy the same level kj =k, the normalization 
factor (3.35) becomes ae with the result 


( Ah os Lee ol 
Phin, (@1,82) = (a1a2| S aj, a, |0) = aL aA 2 we, (@1) Ue, (£2) 
= Uk, (x1 )uUp, (x2) 7 (3.53) 
This can be generalized to the case of an arbitrary n-particle state with parti- 
cles in the levels ky, ko,...,kn ae of which may have multiple occupation): 
(n) 
Oe re (21, eee Zn) = — Ss > i ux, (a2) (271) Ukn (2»)| : 


Permut 


(3.54) 


Clearly this is a completely symmetrized product wave function. The structure 
of (3.54) is strongly reminiscent of the determinant of the matrix constructed 
from the values ux, (z;), 7,7 = 1,...,n. In contrast to the determinant here all 
terms enter with a positive sign. This mathematical construction is sometimes 
called the permanent of the matrix. 


3.3 Quantization Rules for Fermi Particles 


It is a well-established empirical fact that many of the particles found in 
nature are fermions, which obey the Pauli exclusion principle. Their wave 
functions are antisymmetric, i.e., they change their sign when the particles 
are interchanged. This clearly stands in contrast to the results we obtained 
in the last section and thus our quantization rule is inadequate to describe 
particles of this type. Fortunately it is possible to modify the formalism of 
field quantization in such a way that it is applicable to fermions too. This is 
achieved by replacing the commutation relations (3.9) among the field oper- 
ators by anticommutation relations. The fermionic quantization conditions, 
which were first formulated by P. Jordan and E. Wigner,” are 


{d(a, t), p' (a, t)} C@—2). (3.55a) 
{p(a,t), de OD} = {dl(a,1),d'(2',t)} =0. (3.55b) 


The curly brackets denote the anticommutator, ie., {A,B} := AB + BA. 
Apart from (3.55) the general formalism of field quantization, in particular 
the equation of motion (3.10), is supposed to be equally valid for both kinds 
of particles. 

Let us first consider which consequence the condition (3.55b) has on the 
symmetry of the localized states (3.37): 


2 Pp. Jordan, E.P. Wigner: Z. Physik 47, 631 (1928). 
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vn! 


Obviously the product of operators ot(a;,t)...b'(an,t) and as a conse- 
quence also the wave function (3.47) are completely antisymmetric, i.e. 


pt (a1, t)--- ot (an, t)|0) . (3.56) 


Fite co finn) = 


gi”) 


[ning...] 


(x1,22,...,2n;t) = sen PO” j Bins Bigr + Pin gt) 5 (3.57) 


[ny n2.. 


where the sign, sgn P = +1, distinguishes between even and odd permu- 
tations of the indices (i1,i2,...,in) = P(1,2,...,n). The validity of (57) 
follows from the anticommutation relation (3.55b) alone. If we want to inter- 
pret (3.56) as a meaningful n-particle state vector, (3.55a) must also be valid. 
To substantiate this claim we look at the commutator of the local particle- 
number operator Ny defined in (3.38) with the field operator. We employ 
the following simple but very useful identity, which allows the transformation 
between commutators and anticommutators: 


(4, BC] = {A,B} C - B{A,C} (3.58a) 


or 


(AB, C0] = A{B,C} - {A,C}B. (3.58b) 
This leads to 
(My. dte,t)] = iL aa! [Bt(a! Qoa',t), B'(@, 1) 


iL aa! (d(a',1) {He',0),0'(@,9} 


V 


—{dt(a',t), H'(w,1)} He’, #) 


[ee pt (a, t) {b(a',t), d'(a,t)} . (3.59) 


Equation (3.39) and the ensuing reasoning are thus only valid if the anticom- 
mutator between o(a, t) and wi (a',t) reduces to a delta function, as postu- 
lated in (3.55a). 

The basis expansion (3.15) as well as the Hamiltonian (3.22) and the 
time dependence (3.24) of the operators 4;(¢) are the same for both quan- 
tization conditions. The many-body Schrédinger equation (3.50) also remains 
unchanged. This is so because using (3.58) we find that the equation of motion 
for the field operator 7)(a,t) again is 


inp(a,t) = [¥,H] = i de! [P(w,t), Ha’) DB", d] 
[28' ({8(e,9, 049} Dede) 
— pi (a, AUB) 2 {G(@,t), H(2',t)}) 


= (-5-V?+V(e))#(e,4), (3.60) 


where D, denotes the Schrédinger differential operator defined in (3.12). 


3.3 Quantization Rules for Fermi Particles 


Now let us investigate the consequences of the Jordan—Wigner quantiza- 
tion rule (3.55) for the construction of the Fock space. The basis expansion 
(3.15) of the field operator immediately leads to anticommutation relations 
for the creation and annihilation operators: 


{ai,af} = 64, (3.61a) 
cee oc 0: (3.61b) 
As a special case the square of a creation or annihilation operator is seen to 


vanish: @? = (at)? = 0. From this it is obvious that the operator 7; for the 
particle number in a level 7 can have only eigenvalues n; that are 0 or 1 since 


(fi)? = a! (aa!) a; =a! a —ala) a; = ala; =A, , (3.62) 
and thus DR = n;. The Fock space for fermions thus has a simple structure: 
according to (3.34) it consists of the state vectors 

[oie ae ace) CONG mana), (3.63) 
where the numbers n,72,... are either 0 or 1. The creation operator al 
increases the occupation number of the level 7 by 1. If the state was empty 
this results in 


(-1)2e-1™ (aty™ ... (al)... Jo) 


at 
a; Paton et Oe 0) 


i-1 
eee. me Pith oer ) : (3.64) 
If, on the other hand, the level 2 was already occupied then the application of 
al destroys the state vector: 


at |ni,no, la...) = (—1eei™ (aly... (@)?...f0) = 0. (8.65) 


2 


In this way no two particles are allowed to occupy the same level and the Pauli 
principle is satisfied. Note that (3.64) contains a phase factor (—1)@*=1 
which has no physical significance as it depends on the labelling of the states 
zt, which is arbitrary. 

The many-particle wave function in coordinate space, which we con- 
structed in the last section for Bose particles, can be easily extended to the 


case of fermions. The two-particle wave function (3.52) becomes 


nk 


1 
Poke (1, @2) = Val (we, (@1)Uk. (2) — Une (a1 )ux, (x2) . (3.66) 
which can be extended to the n-particle wave function 


O09 4, (@1y.yn) = yD senP Pla, (@s)---tea(@n)] (8.67) 


* Permut 


Owing to the alternating sign, (3.67) can be written as a determinant: 


Oe Gen) Uk, (£2) ac Tne eny) 
1 | Uka(a@1) Uk (2) +++ Uke (@n) 


ween ipl oie Dn) 
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This is the famous Slater determinant for describing the wave function of 
many-fermion systems. 


In the present and the last sections we have seen that there are two al- 
ternative procedures used to quantize a field, which lead to quite different 
physical consequences. At the present stage we do not know from theoreti- 
cal arguments which of the two alternatives (Bose-Einstein or Fermi—Dirac 
statistics) has to be chosen; both of them lead to mathematically consistent 
theories. Later on, however, we will find that this freedom of choice exists 
only within the framework of nonrelativistic Schrodinger theory. The quanti- 
zation of relativistic fields can be done consistently with only one of the two 
alternatives: Bose statistics applies to particles with integer spin and Fermi 
statistics to particles with half-integer spin. The opposite choice would lead 
to the violation of basic principles; see Sects. 4.4 and 5.3. 


EXERCS 


3.1 The Normalization of Fock States 


Problem. Show that the normalization factor for the states in Fock space 
has to be chosen as 
it 


Catan = Sara: (1) 


Solution. The conjecture will be proven by mathematical induction. Equa- 
tion (1) is trivial for the zero-particle state (the vacuum). For one-particle 
states we find at once 


(ear (Oneee ie) 


(ola:a! |o) = (ola!a; + 1 |0) 
= OW =1. (2) 


We assume that (1) is the correct normalization factor for a general many- 
particle state |n1,n2,...) and evaluate the norm of the “next higher” state 


Gin ase seal iigs opie lion) 
= Caen? COLES Ga (an) (aly ee ae) ar) 


The extra annihilation operator @; is now repeatedly commuted to the right 
until it meets with its counterpart al Additional commutation steps lead to 


a;(aly} = (ala, +1) (Ge = al (ata, +1+1) ae = ae 
= aye Ge qe les ala;) . (4) 


The last term in the sum does not contribute since the operator @; can be 
moved further to the right and finally will annihilate the vacuum 4; |0) = 0. 
Thus we arrive at the condition 


i (ng +1) |\Capeuan. |? (O\enG2)e ee G7 (Geena eee 0) 
(ni + 1) (Caen : Eee eed aa . (5) 
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Choosing a phase factor +1, we find that the square root of this result confirms 
the normalization constant (1). 


DAMP, ——— 


3.2 Interacting Particle Systems: 
The Hartree-Fock Approximation 


So far in this chapter we have been mainly concerned with systems of non- 
interacting particles. Here we want to describe a system of fermions that are 
coupled to each other via a two-body interaction. The Hamiltonian of such a 
system can be expressed in terms of the field operator through the following 
ansatz: 


H= Lp ap A, (1) 
with the familiar free Hamiltonian 


cae [erdi@.nDble,t (2) 


where D, is the “free” Schrédinger operator (3.12), which may include an 
external potential V(x) (e.g., the Coulomb field of an atomic nucleus). The 
two-body interaction Hamiltonian is given by 


ie ik da'da pt (a', tbl (a, t)U (a, 2')b(a, t)b(2’,t) . (3) 


The function U(x, 2x') describes the interaction potential, which is assumed 
to be real and symmetric, i.e., 


Ur = (2 or) (4) 


As an example, this could stand for the mutual Coulomb interaction of a 
system of electrons: 
jm (5) 
a — —— 
( ) |a x, | 

The factor 4 in (3) was included to remove double counting of the interaction 
energy. ' 

Let us set up the equation of motion for the field operator (x,t). Its 
general form is given by Heisenberg’s equation 


ihOodb(w, t) = [d(w,t), A] . (6) 
The commutator contains two parts. The free contribution gives? 
[v(x), Ho] = [ee [d(2), it De b(2')] = Drb(2) (7) 


as in (3.60). Making use of the identity (3.58a) we can write the interaction 
term in such a way that the quantization rules (3.55) can be applied: 


3 For brevity we write (at) = )(z) implying the same time argument for all 
operators. 
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[), Maz fora aa" V2") FO), He We We We) 


d? x! dex" U(a', z'') (Bt(a" Ba’) [d(x), p(a')o(2")| 
(h(x), bt a") Gt(x')] Hee") 


dex! dex" U(2", x") 


wle + wlere 


x ore wit Ce ( (86), He} Hle") ~ Hee!) (6). He") 
+({50),de")} Be) — HE") GO). Were] 
= 5 [ea ae" Cie ra) 


x (6(@ - 2! it (a") — Bt(2") 8 (@ - 2') o' WC") 


= 5 fee Ue. 2) +U@.2)) He Wee). (8) 
Because of the symmetry condition (4) the commutator becomes 
(He), Fa] = 5 feta! Ge) UG’, 2) He) (9) 
The equation of motion for the field operator thus reads 
ido (x) — Dah(a) — foe He'd @')U@',z) dw) =0. (10) 


This is a nonlinear partial integro-differential equation. The complicated 
structure of this equation defeats any hope of finding an exact solution, so 
that one has to take recourse to approximation methods. A major problem 
lies in the fact that the objects ~(az,t) are not ordinary c-number functions — 
this would allow the application of standard numerical integration techniques 
— but are complicated noncommuting operators in Hilbert space. 

To cast (10) into a more easily solvable form we will try to replace the field 
operators by classical functions. Without loosing generality we can expand the 
field operator into a complete orthonormal basis of single-particle functions 
;(x) as in (3.15): 


x,t) = Dale) gi(x) , (11) 


leading to the standard anticommutation relations (3.61). When expressed in 
terms of creation and annihilation operators the Hamiltonian now has a more 
complicated structure. The “free” part is 


Ho = > dis a] (t)4,(t) , (12) 
ij 


where 


dy = [eee yi(a)Davi(2) (13) 


3.3 Quantization Rules for Fermi Particles 


The interaction term is given by 


Ay = > wiser at (tah (t)a, (t)ai(t) , (14) 
Uigakal 
where 
ijkl = | da! d?x yp} (a')p$ (x) U(a, a!) pr (a) yr(a') . (15) 


Because of the interaction Hamiltonian (14) the time development of the 
Heisenberg operator @,(t) is no longer given by a simple phase factor as in 
(3.24). The formal solution of the Heisenberg equation 


ai;(t) = etiftt/h és (0) en iHt/h (16) 


indicates that the operator character of G; gets mixed up as a consequence of 
the interaction. Only for the free Hamiltonian Ho with a diagonal coupling 
matrix dj; = €;6;; will the evaluation of (16) lead to the simple time depen- 
dence (3.24). This can be easily checked by using the operator identity (1) 
derived in Exercise 1.3. The commutator [H ,4;] involving the full Hamilto- 
nian, however, contains product terms of the form axl ay. As a consequence 
the operator @;(t), which at time t = 0 started out as a pure one-particle anni- 
hilator, at later times will develop into a complicated superposition of creation 
and annihilation operators! 

Therefore there is no reason to expect that the interacting system is exactly 
describable by an n-particle state vector like 


oie) a (alee: |0),. (17) 


Expressed in coordinate space this implies that the true wave function of 
an interacting system cannot be fully described by a Slater determinant like 
(3.68). As illustrated in Fig. 3.1 the true ground state of a many-fermion 
system contains admixtures of particle-hole excitations described by operators 
of the type ala, and higher powers. 

To arrive at an approximate description of the system we will now neglect 
these admixtures and assume that the time development (16) can be replaced 
by the simple relation 


a(t) — tet /hg, (18) 


Further we assume that the state vector is given by a pure product as in 
(17) (a Slater determinant). The aim of our calculation will be to choose the 
single-particle basis y;() in (11) in such a way that the error introduced by 
these approximations is as small as possible. 

For this purpose we form the matrix elements of the equation of motion 
(10) for the field operators, taken between the n-particle state vector |) and 
the (n — 1)-particle vector G;|¥): 


(v| ai O|v) =0. (19) 


Here we have used the symbolic notation O = 0 for the operator equation 
(10). Of course equation (10) in principle should hold in general and not only 
for this special type of matrix element (19). It is impossible to achieve this, 
however, with the state constructed in (17). 
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Fig. 3.1. 

(a) The ground state of 
an interacting fermion 
system can be approx- 
imately described by 
single-particle levels @;, 
which are occupied up 
to the “Fermi level” F. 
The true state vector, 
however, contains an 
infinite admixture of 
contributions having 
one-particle-one-hole (b) 
two-particle-two-hole (c) 
etc. character. These 
contributions are ne- 
glected in the Hartree— 
Fock approximation 
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The condition (19) leads to an equation which can be used to determine 
the basis functions y;(x). To derive this equation we have to evaluate the 
matrix elements of the three terms in (10). For the time-derivative term the 
ansatz (18) leads to 


(| atindod |W) = Y~ evpi(w) (Y| aa, 


vy). (20) 


Since |W) is assumed to have the form of (17) the matrix element (20) will 
vanish unless the indices | and i are “paired”. For 1 = 1 we find 


(v| aihdowb |Z) = merpi(a) . (21) 
For the noninteracting part in (10) we find 
(D| al Dip(2) |¥) = mDevi(@) - (22) 


The interaction term leads to a somewhat more complicated result: 
(val faa! Hee") U@',2)H)|V) 


= fos yal a!, a) pt (x')y; (a) ye (x) (Y| afalasas |V) . (23) 
i,j,k 


As before, the indices have to be paired off, but this can be achieved in two 
different ways: 


(v| a} atal 4; |v) = =e (v| a} atal aia; Y) + 61463; (v| a} ala! a; |Y) 
= 6136 Ae (v| — hyn, + bifta|Y) + 61n 63; (P| + nin; - butt |Y) 
= MN, (S14 6:3 = 51; 5ik) a (24) 


After insertion of the three parts and removal of the common factor m, (19) 
takes the form 


Drvi(z + fez Dn ily; (2')pi(a') U(a', x) oi (a) 


- 95 2" yi(a') U(a"', 2) pi(w)] = expr(@) . (25) 


This is the well-known Hartree-Fock equation. It can be written a bit more 
compactly in terms of the density matrix 


= domi 93 (a')pi(x) = p*(x, 2’) (26) 
and the density function, which is the diagonal part of the density matrix, 
p(t) vata) ECAC) ee) (27) 
The Hartree-Fock equation in this notation reads 
Deei(z) + f°! p(w’) U(a',2) a(x) 


- [ae Nee ea UNE ae) Cena | = ee) (28) 


3.3 Quantization Rules for Fermi Particles 


The Hartree-Fock equation contains two separate interaction terms. The di- 
rect term looks just as one would have expected: the particle in orbital | “feels” 
the potential which originates from the density distribution p(x’) of all parti- 
cles in the system (this includes the self-interaction term i = !). According to 
Fermi—Dirac statistics (antisymmetry under particle exchange) an additional 
exchange term with negative sign arises. This term has a more complicated 
structure than the direct term; it is nonlocal, depending on the values y;(2') 
for all values of x’ and thus does not have the interpretation of an interac- 
tion mediated by a potential. As an agreeable side effect we notice that the 
exchange term contains a part which cancels the self interaction. 

In contrast to the operator equation (10) the relation (28) is a system of 
coupled nonlinear integro-differential equations for ordinary c-number-valued 
functions. Such a problem can be attacked sucessfully by using interative 
numerical methods. One starts from a set of starting solutions g (a), which 
are guessed more or less accurately, and constructs the densities. Subsequently 
(25) is solved by numerical integration which leads to an improved solution 
ol) (a). This procedure is repeated until, hopefully, convergence is achieved. 

Projection of the Hartree-Fock equation (25) onto fd?zyj}(a)..., using 
(13) and (15), yields 


det + So ni (wesit — Uniti) = 41 [ee pr(x)yr(x) . (29) 


Furthermore projection of the complex conjugate equation (25) onto 
fd3z ...yi(x) leads to 


di, + >> ni(unsat — teats) = € [2° gp (x)yi() . (30) 
Since dj, = dy1, subtraction of these two equations leads to the conclusion that 
the single-particle wave functions for different eigenvalues remain orthogonal 
also in the interacting system, allowing us to impose the condition 


[®xvile)ale) = (pre (31) 


The single-particle energies €; do not directly correspond to observable quan- 
tities. The total energy of the n-particle system follows from (1)—(3), (17), and 
(24): 


. i 
i= (v|H|v) = Sy ee + 2 a, (igs = Uiziz) : (32) 
i ij 
The total energy thus results from a summation of the kinetic and potential 
energies of all particles, taking into account the exchange interaction. It is also 


possible to find an expression for E in terms of the single-particle energies €;. 
Using (29) we can eliminate the diagonal elements dj, leading to 


1 
i > mes ae ic, (Gon = Uiziz) . (33) 
i ij 


This result is quite plausible: the total energy results from adding up all the 
‘single-particle energies of the occupied orbitals. The interation energy of the 
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particles has to be subtracted from this value. This is necessary since otherwise 
the interaction energy would be double counted because it is contained in the 
energies of both partners of the interaction. 

The Hartree-Fock method is one of the cornerstones of many-body theory 
which allows the calculation of various properties of systems in areas such as 
atomic, solid-state, and nuclear physics. Often, however, its accuracy is not 
high enough and one has to go beyond the ansatz of a product state (Slater 
determinant) (17) and take into account particle correlations. 


Remark: The derivation starting from the equation of motion of Heisenberg 
field operators is not the most common way to derive the Hartree-Fock equa- 
tion. Usually the Schrodinger picture is used and a variational principle is 
employed that minimizes the energy, i.e. the expectation value of the Hamil- 
tonian with respect to a trial state vector |W) of type (17): 


6((v| |v) - Ay faPx gi @\ps(e)) =0. (34) 


The variation is performed with respect to the single-particle basis orbitals 
yy (x), the Lagrange parameters A,; are introduced to enforce the orthonor- 
mality of the set y;. This variational principle leads to the same Hartree-Fock 
equation (22). 


4. Spin-O Fields: 
The Klein—Gordon Equation 


4.1 The Neutral Klein—Gordon Field 


The simplest example of a relativistic field theory deals with spin-0 parti- 
cles described by the Klein—Gordon equation. In this section we will describe 
those aspects that are relevant for the quantization of this field. For more 
information on the Klein—Gordon equation the reader can consult the volume 
Relativistic Quantum Mechanics in this series. We will consecutively treat real 
and complex-valued fields. 

The Lagrange density of a real spin-0 field ¢(x) = (x,t) with mass m 
reads 

iO) Cbg Me 

In the following we will apply natural units of measurement, as is customary 
in field theory, i.e., we will set i = c = 1. This serves to simplify the equations 
and does no harm since, if desired, the appropriate powers of c and fh can 
be re-inserted, if we know the physical dimension of the quantity of interest. 
It is important to be aware of the dimension of the scalar field ¢: Since the 
Lagrange density has the dimension dim [c] = energy x length~* we deduce 
dim [4] = energy!/? x length~°/? x momentum~! = mass~!/? x length~*/?. In 
the natural system of units there is only one type of dimension: dim [energy] = 
dim [mass] = dim[length~*]. Therefore the scalar field ¢ has the “natural 


dimension” d= +1. 
The Euler-L atio ae = Be ue immediately leads to the 
e Euler-Lagrange equation a6 = an, O(a#6) y 


Klein—Gordon equation 
(A + m*) g(x) =0, (4.2) 


where 0 = 0“0,, is the four-dimensional Laplace operator. The canonically 
conjugate field is 


OL . 
m(x) = =~ = ¢(2) , (4.3) 
d9(z) 
which leads to the Hamilton density 
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Now we follow the prescription of field quantization: the fields o(a,t) and 
(a, t) are replaced by operators ¢(ax,t) and i(a,t) for which the equal-time 
commutation relations (ETCR) are? 


[A(a,t),#(@',t)] = id (a—--a'), (4.5a) 
[o(a, t), d(x’, t)] [a(a, t), a(z’,t)) =0. (4.5b) 


Here we have chosen the ordinary commutator (with a minus sign) and con- 

sequently the field quanta will satisfy Bose—Einstein statistics. In Sect. 4.4 we 

will show that the choice of the anticommutator leads to inconsistencies. 
Using the quantized Hamilton operator 


res (Ps 5 (ale, t)? + (Vola, 1))? + m2b(a, t)”) (4.6) 


and the commutation relations (4.5) we can show through a brief calculation 
that Hamilton’s equations of motion lead to 


d(w,t) = -i[d(w,t), A] = A(a,t) (4.7a) 
and 

it(x,t) = —i[#(w,t), H] =(V? -—m’) d(a,t). (4.7b) 
To obtain the operator V? in (4.7b) the equation (4.5a) was differentiated, 
[re(aent) V'd(x',t)| = V'[a(x,t),d(2',t)] = -i V'6°(x — 2’), followed by 


an integration by parts. Thus we have found that the field once of the 
quantized theory still satisfies the original Klein-Gordon equation ? 


da, t) = (V2 — m?) b(a,?) . (4.8) 


Now the field operator ¢(z,t) will be expanded with respect to a basis. 
For this we use the set of plane waves 


Up(z) = Np ene, (4.9) 


which means 
(x,t) = fe Nee? an (4.10) 


The normalization constant N, will be fixed later. Insertion of (4.8) immedi- 
ately yields the equation of motion for the operators dp(t): 


ap(t) = —(p? + m?) dp({t) . (4.11) 
The general solution of (4.11) is obviously given by 
dp(t) = Aer? + a@etivrt , (4.12) 


! Although we deal with a relativistic theory the quantization rule treats the time 


coordinate in a special way since the vectors x’ and x are supposed to have 
the same time component, which is not a Lorentz-invariant notion. A covariant 
generalization of the commutation relations (4.5) to the case of unequal times 
t' #£t will be discussed in Sect. 4.4. 

2 This is not a trivial conclusion. In general the equations of motion for the classical 
fields and for the quantized field operators do not necessarily agree. 
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where the operators at) and al? are constant in time and the frequency is 
defined to be (relativistic dispersion relation) 


p=tVp?+m?. (4.13) 


Since we started from a real-valued classical field, ¢* = $, the corresponding 
field operator should be hermitean, gt = = d. This constraint allows us to 
express one of the two operators in (4.12) ; in terms of its counterpart 


(dO)! ae (4.14) 


and the basis expansion (4.10) becomes 
d(x, t) = i d°p N, (a diet aca AE at (4.15) 


where 4, = ao) Because 7 = d, the basis expansion of the conjugate field 
reads 


#t(a,t) = i d°p Ny (—iw,) (4 pes) aN | (4.16) 


The inevitable emergence of two contributions with positive and negative fre- 
quency in (4.15) and (4.16) is a decisive difference between relativistic field 
theories and the nonrelativistic Schr6dinger field in (3.15) and (3.24). 

Now the commutation relations for @p and at have to be found. We can 
expect that these operators fulfill the algebra (3.19) typical for creation and 
annihilation operators, 1.e., 


ee (pb), (4.17a) 
and 
lig 0 | = TGHRS Sc. (4.17) 


To check whether this is true we evaluate the commutator 
[d(z, t), y= fe Je "Np Np (—iwp’) 


x a fan | gp =) [ap ca e-i(p-2+p'-2’) 


+ [at apr] etiee-r'=") _ fat at] a a) (4.18) 


where the relativistic notation p-s = w,t—p-z, t' =t is used. The application 
of (4.17) leads to 


[o(@,t),#(2’,2)] = |e [evn (Hwy) 8(p —p) 
= ji eon a Oe fee) . (4.19) 


Clearly a wise choice for the normalization factor N, is® 


3 Some authors use the normalization Np, = (27)~°(2w,)~'. With this choice the 
commutation relation (4.17a) reads aaah = (27)? 2w,53(p — p’). 
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I 


N, = ——_=<== .. 4.20 
: 2w,(27)3 oor 
This leads to the desired result 
A d3 : ' 
(50a, 0),a(2',0] =i f GaperOm? =i eo), (4.21) 


Along the same lines, the equations (4.5b) also can be derived from the com- 
mutation relations (4.17) for the creation and annihilation operators. 

The commutation (4.17) could also have been derived directly. If we project 
onto the basis wave functions (the plane waves), the Fourier expansion (4.15) 
of the field operator can be inverted. Let us define the normalized time- 
dependent plane waves 


: 1 
ine) = hee = = eee 4.22 
p( ) Pp Qwp(2m)3 ( ) 
These functions form a complete set of solutions of the Klein-Gordon equation 
(0 - V2 +m’)up(z,t) =0. (4.23) 


The scalar product of two Klein-Gordon wave functions ¢ and x (which is not 
strictly a scalar product since it is not positive definite) is defined as 


(¢,x) = i foro'(e.d Bo x(a, t) 


= i foes [or(@, 9X29 - 2 3) : (4.24) 


Inserting (4.22) we easily verify that the plane waves form an orthonormal set 
with respect to the scalar product (4.24): 


‘ 3 * = 3 ! 
(up (i) = i fa cus (#,t) Oo Up(z,t) =o (p—p), (4.25a) 


(us, a) = -S(p—p'). (4.25b) 


Similarly the plane waves with opposite signs for the frequency all are ortho- 
gonal: 


(up u ;) = (upy,up) = 0. (4.26) 
Projection of the field operator 

o(x,t) = fe (a Up(x,t) + at un(2, t)) (207) 
On Up or u% gives the “Fourier coefficients” 

ty = (tp.d) =i fea ug(e,t) Bo ded), (4.28a) 

e & & cme | 

at = —(uz,4) = =i [eoule, yyy CGSB) (4.28b) 


Using the equations of motion (4.8) for and (4.23) for up one immediately 
verifies, through an integration by parts, that the operators @p and at are 
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constant in time. Insertion of (4.28) allows the direct evalution of the com- 
mutators (4.17) (see Exercise 4.1). 

Remark: We have employed the continuum normalization when constructing 
the plane waves (4.22). Sometimes it is advantageous to use the bor normal- 
ization instead. Here periodic boundary conditions are imposed at the surface 
of a cube having a (sufficiently large) volume V = L. As a consequence the 
momentum can take on only the discrete values 


_ 27 
Pi = 7! ’ (4.29) 
where L is a tripel of three integer numbers 
= (Uae) with te Oy IE ae (4.30) 


The corresponding plane waves within the finite box can be normalized to 
unity, 


(up, ’ Up, ) = Spy pr (4.31) 
if the normalization factor 
il 
(4.32) 


Ls 
A Vf 2w,L 


is chosen. The continuous integrals over momentum are replaced by discrete 
sums in the case of box normalization: 


d3 i 
o Fas ; (4.33) 
l 


Vv (27)° 


The commutation relation (4.17a) gets replaced by 


(ar cal | =p. (4.34) 
The commutation relations (4.17) or equivalently (4.34) are identical to those 
we found for the quantized nonrelativistic Schrédinger field by using plane 
waves aS an expansion basis. Therefore the construction of the Fock space 
presented in Sect. 3.1 can immediately be taken over to the relativistic Klein— 
Gordon field. The operators ai and @p again have the function to create and 
annihilate particles, described by the wave functions u,(z, t). It is not essential 
that momentum eigenstates (plane waves) have been chosen as the expansion 
basis. It is possible as well (and sometimes advantageous) to choose, for ex- 
ample, angular-momentum eigenstates (spherical waves); see Exercise 4.3. 

Now we will express the Hamiltonian in terms of creation and annihilation 
operators. Insertion of (4.27) and the conjugate field operator 


i e,t) = —1 fee Wp (a, Up(x, t) — al us (a,t)) (4.35) 
leads to 
cy vee 1 3 «2 7) 2 7) A) 
H = — {d’x(%#°+(V¢)"+m*¢ 
2 
a] a a * a as * 
= 5 [ee |- Je Wp! (ay Up! — at, uy) [a pup (a ey ~ at us) 
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=A d3n! p' (a _ at * R ad? ay aleve 
Ee OO Sa PP\ Gp Up — Ap Up 
SP [a m (ay Up! + a ur,) [e°vm(@ Up + at us) | P 


(4.36) 


The integration over x can be carried out using (4.22) and gives delta func- 
tions: 


" 1 
foreuy(estuele.) = 5-8-7), (4.372) 
il : 
[eeup(@,Oupl,t = a oe p') - (4.37b) 
Pp 


We are left with a single momentum integration 


~ 1 Biro a hbk Wore ae. oe see 
a= - [ors=(@ree Zivet — ah ip — dp af, + at, af e7»*) 
P 


2 

_ ne Le) PP Cr a a 

fe De ( G_p Ape Gy, Ap — Ap A, — A_pGpe 
1p 


2 

™m F eh gs a A 2 x an) 

+ J& ane (a: Gne Peal ape dn aya alate: | 
P 

(4.38) 


The terms involving 44 and atat are multiplied by a factor (—w?+-p?+m?) and 
therefore are found to vanish. The remaining expression for the Hamiltonian 
simply is 


Zs il eer 
f= 5 fe Wp (at dip + Gp at,) : (4.39) 


Obviously this operator is beset with a problem: because of @p af = UM bn 
6°(0) its expectation value with respect to any state, including the vacuum, 
is infinite! To identify the root of the problem we switch back, for a while, 
from the continuum formulation to the discretized version of the theory by 
confining the system in a large but finite box. This leads to discrete values p; 
for the momentum, and the Hamiltonian becomes 


. 1 i ee 
al 2 HP: (a, Ap, + Op, at, ) 


l 
Ket ee 
tall tn es) (4.40) 
l 


II 


because of the commutation relation eel = 6y. This Hamiltonian is 
easy to interpret. Each momentum state p; is occupied by particles whose 
number is determined by the expectation values of the operator Np, = at, Ge: 
Each of them contributes an energy quantum of wp, to the total energy. In 
addition there is a zero-point energy, which is independent of the occupation 
number. This has the same origin as the zero-point energy of a quantum 
mechanical harmonic oscillator. The quantum field corresponds to a system 
of (infinitely many!) harmonic oscillators, where each term in the expansion 
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(4.40) describes one normal mode. Since there is an infinite number of modes 
the vacuum energy 


1 
Ey = D5 He: (4.41) 
l 


is strongly divergent. Fortunately, from a practical point of view this infinity 
(unlike other infinities that crop up in quantum field theory) is rather harm- 
less. Since physical observables involve energy differences and not the absolute 
value of the energy, the constant zero-point value Ep always drops out. This 
can be formally accounted for by defining the Hamiltonian in such a way that. 
the vacuum energy is removed: 


A 


H=H-£. (4.42) 


A mathematical trick can be used to achive such a “trivial renormalization”. 
For this the field operator (4.27) is split into two parts containing positive 
and negative frequencies: 


$(z,t) = 6 (a, t) + f(a, 2) . (4.43) 


The first part comprises the annihilation operators and the second part the 
creation operators. Now we introduce the important notion of normal ordering 
of two operators d, xX. The normal product is defined as a product in which 
the parts with negative frequency generally stand to the left of the parts 
with positive frequency (remember that “positive frequency” refers to a time 
evolution with the phase exp(—iwt),w > 0): 


: dx = pI ae pI ae LI gM) a pre ; (4.44) 


Thus if the Hamiltonian is defined as the normal-ordered product of the field 
operators, 
Ss iI A Pe 
a= 5 [ee (7 + (V¢)? + mg"): 
= i d’pa,ala,, (4.45) 


the creation operators are automatically moved to the left of the annihilation 
operators and the commutator (4.40) which gave rise to the vacuum energy 
does not arise from the beginning. 

However, this is a rather formal argument which should not induce us 
to dismiss the vacuum energy as a pure artefact of the theory. It is possible 
to find conditions that allow the measurement of energy differences between 
different vacuum configurations: 


Here the arguments 1 and 2 refer to different boundary conditions imposed 
on the field ¢. Depending on the circumstances, the value of AF can be 
finite and nonzero, leading to experimentally observable effects. The most 
famous example is the case of two conducting plates which “lock up” the 
zero-point fluctuations of the electromagnetic field. The value of AE depends 
on the distance between the plates, which are thus found to exert a (weak 
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but measurable) force on each other although they do not carry an electric 
charge. This is known as the Casimir effect*. 

Now let us turn to the momentum of our quantum field. The classical 
expression for the momentum follows from Noether’s theorem as 


dg 
Bs — [a Oon — [at c= —_ gonL) ; (4.47) 
and in particular : 
[ee [ax tVo. (4.48) 


The momentum operator of the quantum field therefore could be defined as 
p=- [et (x, t)V (2, t) . (4.49) 


There is no reason, however, why the noncommuting operators # and db should 
be multiplied just in this order. This certainly cannot be deduced from the 
classical theory since the odering problem does not arise there. A more natu- 
ral choice would be to symmetrize the momentum operator according to the 
definition 


p= -5 i dx (aw, 1) V4(a, t) + VG(a,1)*(@,1)) . (4.50) 


This choice also guarantees that P is a hermitean operator. Now the quantum 
fields again will be expanded into plane waves and (4.27), (4.35), and (4.37) 
are used: 


A 


= =5[-i [aren Ge Up — af, uy) fd°p ip (ap Up — a up) 


+ Exchange 


1 
les =] Aca 
; | ee 
x|(pa-pa e 2ivyt pal dp — papa, + pal, afer") 
+ (-pa_pa et _ nat ap — pap al, — pal, af Mert) 
il hn ees 
= 5 [rr (than + aah). (4.51) 


Let us remark that the contributions involving @_p @p and aus at would have 
dropped out even without imposing the symmetrization prescription (4.50) 
since the integrand is an odd function in p. The momentum operator (4.51) 
also appears to suffer from a divergence. Using the discretized formulation, 
however, it is seen that 


a ie. 1 oes 
P=) P14}, ap, + 5 ne > biahane (4.52) 
l l l 


4 The original publication is H.B.G. Casimir: Proc. Netherl. Acad. Wetensch. 51, 
793 aie see also G. Plunien, B. Miller, W. Greiner: Physics Reports 134, 87 
(1986). 
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Since all spatial directions are equivalent the contributions to the sum over 
py cancel each other and the vacuum momentum necessarily vanishes due to 
symmetry reason. The additional imposition of the normal ordering prescrip- 
tion is not required to define the momentum operator but, of course, it can 
do no harm. 

Our expansion of the field operator of the Klein-Gordon theory as in 
(4.15) has lead to a formalism closely similar to the quantized Schrédinger 
field of Chap. 3. Again it is possible to construct the Fock space by applying 
the creation operators at to the vacuum state |0). The field quanta carry 
momentum p and energy w, = (p? + m?)!/? and they are counted by the 
number operator tp = at hae 

The states constructed in this way do not have a well-defined angular mo- 
mentum. It is possible to show that the operator of orbital angular momentum 
(there is no spin, of course) derived from Noether’s theorem is nondiagonal 
with respect to the Fock space generated by the operators G@,. When we intro- 
duce symmetrization and normal ordering the angular-momentum operator 
reads 


ib 


-5 [ext (tex V+ (ex VA)A): 
= i apa} (p x Sica (4.53) 


This will be derived in Exercise 4.3d. 

As an alternative to the procedure presented above, the Fock space can be 
constructed from field quanta that carry other sets of quantum numbers. As an 
example the field operator can be expanded with respect to spherical waves as 
basis functions. In this case the field quanta have good angular momentum and 
energy; the momentum operator, however, obtains a complicated nondiagonal 
structure. The sperical representation will be investigated in Exercise 4.3. 


EXER1NSE( eee 


4.1 Commutation Relations for Creation 
and Annihilation Operators 


Problem. Derive the commutation relations for the Fourier coefficients Gp 
and Gt in the expansion (4.27) of the field operator 


d(x, t) = [®e (a tip Zt) + at us (x,t) : (1) 


Solution. (a) Calculation of [Gp , dp’). 
We start by inserting (4.28a) into the commutator: 


eneean el — ic [eerate’ [us (w, t) ee (x,t), Ge 2) ap d(a',1)| 7 2) 


This is transformed using the definition (4.24). The functions wp(zx,t) are c 
numbers and commute with the field operators 


84 


Exercise 4.1 


4. Spin-0 Fields: The Klein—-Gordon Equation 


[up(w,t) do H(@,t), wf(a',t) Bo de’, 1) (3) 
= us(a, tus, (a, t) ae, t), d(x", t) — ut(a, t)ut, (2", t) Ge t), d(a’, t)| 
—u5 (a, thus: (x’, t) [ae 2), d(@', | + us (2, Dee 3) [o(2,t), b(a',t)] , 


Inserting the commutation relations (4.5), we find that the first and fourth 
term on the right-hand side vanish and the remaining commutators reduce to 
delta functions: 


[ap ’ dp'| 


—i [a (up (x,t) ies (x,t) — Up (a, t)uy, (x, 1)) 


i e xy * * 
a [eoruse.n Oo Up (x,t) = —(up ; uy) : (4) 
This expression vanishes because of the orthogonality relation (4.26) and thus 
ene eee | el (5) 


An analogous calculation applies to the commutator of creation operators. 
Because of (4.28) one simply has to take the complex conjugate of up(z, t). 
The result is 


at at) =o (6) 


(b) Calculation of [a, , a},]. 
As above, the use of (4.28) leads to 


lap » 24, =f [aeeate’ [up (a, t) Bo G(x, £), upr(a',t) Bo d(a',t)| Ce 
Insertion of (4.24) gives 

[us(a,t) do bat), upr(w',t) do o(2',)] (8) 

= uf(2,t)up (2',t)|d(@,1), d(@',)] — up (@, tp (a',t)[4(@,1), d(@', 0] 

~iig(w, t)up (w',t)[6(@, 4), d(@',)] + U5, t) tip (a', t)|4(@, 1), d(a',0)] 


Again the first and fourth terms vanish and the remaining commutators reduce 
to delta functions: 


es 
(oe a] = i fPougla.t Oy ie = ic tp”) : (9) 
From (4.25) one finds 
[ap, at] = 8 (p—p’). (10) 


Equations (5), (6) and (10) are the commutation relations for creation and 
annihilations operators known from (4.17). 
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4.2 Commutation Relations 
of the Angular-Momentum Operator 


Problem. (a) Show that the quantized angular-momentum operator J of 
the spin-O field satisfies the standard commutation relations 


[ee ch = ee (1) 
Here €;;, is the completely antisymmetric unit tensor (the Levi-Civita tensor) 
in three dimensions. 


(b) Confirm the commutation relations between the momentum and angular- 
momentum operators 


[e. Jj] — ee IER ; (2) 


Solution. (a) The general expression for the angular-momentum tensor has 
been derived from Noether’s theorem in (2.70): 


aL > 
Mi; = fo D(Oods) ((2:d; = OA irs ae UE )rss) (3) 


In the case of a scalar field the generators of Lorentz transformations (I”),. 
drop out and we are left with the orbital angular momentum 


J=h=— fe a(a)(x x V)¢(2) . (4) 


The sign (which does not follow from Noether’s theorem) was chosen to be 
consistent with the standard definition of angular momentum. If the metric 
is taken into account the signs of (4) and (2.72) agree. 

Quantization is achieved by making the changes ¢ > é and 7 > # in (4). 
Keep in mind, however, that this introduces an arbitrary choice of the ordering 
when products of field operators b and 7 are involved. This can be avoided by 
symmetrizing the products of operators. We will adopt this prescription here 
since it would not change the course of the derivation and would not affect 
the final result. 

Let us study the commutator 


[L, Lj] = fo dz! [# (2) (x x V) (2) , a(a') (a! x V') ,A(e')| oe 


which is to be evaluated for equal time arguments zo = 29. The equal-time 
commutation relations (4.5) can be applied, in particular [d(a, t), #(ar! at 
i6? (a — x). The commutator in (5) can be expanded into four terms, two of 
which are found to vanish because they contain [#(zx), #(2')] = [¢(x), 6(2')] = 
0. We are left with 


Fe | da d'z' (#(2)(a x V); [d(z), #(2')] (a! x V')5G(2') 
+ #(2')(x! x V'); [#(2), $(@')] @ x V):d(2)) 
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+ a(e — 1)6° (@ — 2) (@ x V):9(2)) . (6) 


The delta functions can be isolated through an integration by parts with 
respect to « and z’, and the spatial integration collapses: 


| [eoate! (a —a')((@ x V)st(2)(a! x V');4(0') 
- (a! x V');#(2')(@ x V):6(2)) 
| foe (#a)(@ x Vee x V),d(@) 
~(e)(« x V);(@ x V):d(2)) . (7) 


The last step involves a further integration by parts. The result (7) can be 
attributed to the action of the V operator on the coordinate vector x. This is 
the same algebra that is responsible for the angular-momentum commutator 
in ordinary quantum mechanics: 


(x x V)i (x x V);-(z x Vv); (ax x V)i = Lip — ion = —€ijn (x x Vik (8) 


(b) If we use the momentum operator (again in its unsymmetrized form) 


—— [a a(x) V(x) , (9) 


the calculation proceeds exactly as in (a). The commutator reads 
citi ts oe 

[eeedte’ (A(e)[Vd(@), Fe) (@ x V)59(2") 

hnhnnannase he 

=i fate ((Vs(@))(@ x V);A(@) — ((@ x V);#(@))V.4(@)) 

= i [ePxa(o) (Vile x V); —(@x V); Vi) d(2) 


= tern Pe . (10) 
We have integrated by parts twice and at the end used the identity 
Vi(a x Vv); — (ae x Wve S See. (11) 


REISE 


4.3. The Field Operator in the Spherical Representation 


Problem. The field operator (x, t) can be expanded into spherical waves 
instead of plane waves. Then the field modes are classified according to their 
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ee 
angular momentum instead of their longitudinal momentum. This is to be Exercise 4.3 
worked out for the case of the neutral Klein—Gordon field. 


(a) Set up a basis of stationary spherical waves which solve the radial Klein— 
Gordon equation and find the corresponding creation and annihilation oper- 
ators. 

(b) Find the connection with the expansion into the plane-wave basis. 

(c) Derive expressions for the Hamiltonian and for the angular-momentum 
operator in the spherical-wave representation. 

(d) Compute the angular-momentum operator L in terms of the plane-wave 
operators Gp, and a}, . 


Solution. (a) We want to expand the field operators in the basis of sta- 
tionary spherical waves. These are solutions of the Klein—Gordon equation 
characterized by the absolute value of the radial momentum p and by the 
angular-momentum quantum numbers | and m: 


dpim (x) = Np Upi(r) Yim(£2) - (1) 


The basis functions upi(r) satisfy the radial equation (we split the Laplacian 
according to A = A, + Ag) 


i+1). » ed 7 
(4,- Seon” ) upr(r) = (iat ae = ae + p* } upi(r) = 0 .(2) 
The real-valued solution to this differential equation which is regular at the 
origin is given by 


ult) = 2p ier) (3) 


This is a spherical Bessel function 3;(pr), which was “normalized to a delta 
function”. It is known from the mathematical theory of differential equations 
(Eq. (2) belongs to the class of Sturm-Liouville problems) that solutions hav- 
ing different eigenvalues p are mutually orthogonal. The normalization factor 
can be confirmed by inserting the asymptotic expansion of the spherical Bessel 
function 7;(x) — sin(« — Im/2)/x, which leads to 


a : : ac ll 
[ ar? nor) lo’ = 50-2). (4) 
0 
The spherical harmonics Y}({2) satisfy the differential equation 
i+ 
(An + es LV Vin (2) = 0, (5) 


where Ap is the angular part of the Laplacian. The basis functions fulfill the 
orthogonality relation 


[os OE Pp''m! = INE 6(p— p) Oi Orn! (6) 
and the completeness relation 
co oe) +l 
fe YS lV (2) gel Wire) = OC = 7). (7) 
0 


l=0 m=-l 
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The factor N, was introduced with the aim of obtaining a unit delta function 
in the canonical commutation relation to be discussed below. 
The field operator $(x, t) can be expanded as 


oo ca fl 
Jea,t) = [ap 2 > Nipple Vin ®) ayant) (8) 
9 1=0 m=_-l 
In the following, the integration and summation together will be denoted by 
Doeine The time dependence can be easily split off and solved. According to 
(4.8) we know that 


“a 


$(z,t) = (A-m?)$(,t) 
= S Np (Artipt(r) + upi(r)Ag — m7 upi(r)) Yim (2) dpim (4) - (9) 


plm 

Inserting (5) and (2) leads to 

d(a, t)= yy Nia m?*) upi(T) Yim (2) Gpim (t) (10) 

plm 

and thus 

Gpim(t) = —(p? +m”) Gpim(t) , (11) 
which is solved by 

Gptra(t) = a1) eet 4. a(-) etivet | (12) 


where Wp = \/p? + m?. Since the field operator is required to be hermitean 
(remember that we discuss a neutral Klein-Gordon field) its expansion into 
spherical waves reads 


CAE em Be RTE Co) (Yim(@) Geen mt 4 Y,8 (a) a etivet) . (13) 
plm 
A similar result applies for the canonically conjugate field operator 


ie(w,t) = J Np tier) (lip) (Yim 2) ptm eM#" — Yi, (2) aby ete) 


plm 
(14) 


Now we can surmise that @pim and ale play the role of annihilation and 
creation operators, satisfying the familiar commutation relations 


[apt ’ a = 6(p—p') dw dmm: (15a) 


[api ? dpre'm | == [arm ; Se =, (15b) 


To check this proposition we use these relations to evaluate the equal-time 
commutator [¢, 7] and compare it with the expected result. Using (15) and 
the completeness relation (7) we find 
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[é (aay 3 ie O)= ‘ Ss NpNp tpt(r)upv (1) (iw) 


plm pil'm f 
x (5(p Tae p')ow Orn! Vie Y qe: (92') oe ilwp—wp' dt 
= d(p _ D') 61 Omm! 14 (CO ae (2') encase) 
= DONp (iwp) tpi (7) up (r') (Yim(Q¥in (2) 4 Viin(Q)¥im (2')) 


plm 
—2, Neto (eo) 16 Go), (16) 


if the normalization factor is chosen as N, = (2wp)~1/?. Similarly the other 
ETCR are recovered, thus confirming the validity of (15). It is also possible 
to evaluate the commutators (15) directly, by solving (13) and (14) for the 
operators @pim and ae, and proceeding as in Exercise 4.1. 


(b) The connection between the representation in terms of plane waves and 
in terms of spherical waves can be found by equating the expansions of the 
field operator ” and (4.15), i.e., 


ie dp » rm Oe ieee 


1 
= d * fan —————— eP * Aye?" i 
ve Dy P Or) 2, Pp (17) 


The er wave has the following “Rayleigh expansion” into spherical waves° 


Po = dir Yi (Br) Vi Me) Vi On) (18) 


Inserting this into (17), comparing the coefficients, leads to the following tran- 
formation between the two types of annihilation operators 


aim =i [4% Vien) ap (19) 


(c) Integrating by parts and using (4.8), we can write the normal-ordered 
Hamiltonian (4.45) as 


fa faa: 


Insertion of the expansions (13) and (14) gives 


3 ) yo: ee —i(w twp jt 
= 5 fe (w, = WpWp! )bp!t'm! Pplm Ap't'm' Aplm & ore 


pil'm! plm 


(20) 


2 * * at at +i(wistwp)t 
= (w, _ WpWp! ) Poi ttm! Onn Bom! pim € - 


aP (w3 + Wp Wp!) Pp! I'm! OE Tepid en iw pt —wp)t 

+ (we + Wpwrp )Porim! Pplm & a, ip 

5 see, e.g., C. Joachain: Quantum Collision Theory, (North Holland, Amsterdam 
1975). 
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1 1 ooo ae ‘ 
=5 yy QW 55 (aim dipim + anGlem Bs (21) 

plm P 
Here the orthonormality relation (6) was used, as well as the fact that integrals 
of the type }p'1'm' bpim (no complex conjugation) vanish for p £ p’. To be more 


specific, because of Y;*, = (—1)'Yi,-m and (6) the following relation holds: 
[e829 m Ogre = Np (0 B)(A)6u brn, (22) 


As a consequence the contributions containing the factor we —WpWp drop out. 
The resulting expression for the normal-ordered Hamiltonian 


H= i dp) fea e ney (23) 
0 lm 


has the expected structure. It describes a system of field quanta which carry 
the energy w, and are described by the quantum numbers plm. 

The symmetrized and normal-ordered operator for the angular momentum 
of the Klein—Gordon field is (cf. (2.72)) 


i= —5 fots:(tex Vd+ (ex V9)#)?. (24) 


Conveniently the basis functions ¢,m are eigenfunctions of the angular- 
momentum differential operator Lz; = —i(x x V)3 since (—ig x V)3Yim = 
mYim. Thus, inserting the expansion of the field operators, we obtain 


rs 1 3 
[3 = ak ry 2 S “(wpm + wpm’) 
pilim' plm 


a [= $ pum Ppim Gp t'm' &pim ee ez 


+ Porm Ppim Bprt' mnt ptm OTe Het 
+ dp't'm! Ppim Ap! m! te eee en 

= pil m! Pplm Oar’ ptm gtiley ere] >. (25) 
Because of (22) the factor w,m + w,m' in the first and last terms drop out 
and, after performing normal ordering, the result 


bs = i dp De Teaser (26) 
0 lm 
is obtained. Obviously the field quanta carry the well-defined angular- 


momentum projection m. 


(d) In order to express the angular-momentum operator (24) in terms of 
creation and annihilation operators of field quanta having well-defined mo- 
mentum, the expansion of the field operator 


(x, t) = SO ener ( 


and #(a,t) = ¢(x,t) are substituted into (24). The d?z integration can be 
simplified if we substitute zx Vz — —iV,xXip = V,pxp. This is justified since 


ip e-i(wpt—p-x) = at eti(wpt—p-2 )) (27) 
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the gradient in position space as well as in momentum space acts on plane Exercise 4.3 
waves exp(tip- 2) which are symmetric with respect to the interchange of x 
and p. The symmetrized angular-momentum operator then becomes 


i 1 
ca d3 ‘a3 fe 
2 | ee (27)3 ,/2w5 2, : 


ax = oe D ce . 
x? [ey (4 e i(w,t—p'-a) _ Be ieee 


L = 


x(V_>xp) (4 en ae =): at eae) 

+ (Vp xp’) (ay em tart) al, ese tamee)) 

~ Wy (a e i(vpt—p-) = al es) 4 . (28) 
The d°x integration yields delta functions 63(p+p’). Only the mixed products 


of Gp and at survive. For example, the contribution containing two annihila- 
tion operators vanishes, 


tips dy er +0)" (oy Vy x D+ upVy xp) H(p+p')=0, (29) 
because of p' = —p and V, 6°(p + p') = V,63(p + p’). The mixed term 
at, Gp leads to the integrand 

—al, ap een =n) (wy Wig 2 p') 5°(p — p') 


=-2 al ap wWpVpXpo(p—p'), (30) 


and similarly for 4a@'. Now one of the momentum integrations in (28) can be 
done, leading to 


L= 5 [ot 2 (ah px Vp ay + (px Vpap) ah)? (31) 
or, taking into account normal ordering, 
b=i fap al (p x Vp) ie (32) 


The presence of the operator V, demonstrates that the angular-momentum 
operator in plane-wave representation is nondtagonal. This implies that the 
field quanta created by at do not possess good angular-momentum. 


4,2 The Charged Klein—Gordon Field 


The real-valued Klein—Gordon field was found to describe a collection of spin- 
0 particles of identical type. It is easy to generalize this to particles having an 
internal degree of freedom. The simplest generalization of this type introduces 
a doublet of particles and antiparticles that can be described by going over to 
complex fields ¢ # ¢* (and consequently nonhermitean field operators ¢ # ¢'). 


OP 
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Nene eee eee ee eee eee 


The Lagrange density, which of course remains a real-valued function, can be 
described by the ansatz 


fe ET o*o, (4.54) 


= or, On" 


where ¢ and ¢* can be treated as independent fields.© The two canonically 
conjugate fields are 


OL _ 


a 36 = ¢*, (4.55a) 
OL ae, 

‘ = —— 4.55b 

moa Sead, (4.55b) 


and the Hamiltonian becomes 


H [os (nad on £) 


= |e (x*n + Vo" Vo+ m?o*¢) (4.56) 


Note the absence of the factor 5 in the expressions for C and H. Quantization 
of the theory is again achieved by going over to field operators ¢, gt, a, a. 
The field operators are required to satisfy the commutation relations at equal 
time, 


[o(x,t), #(x',t)] = [dt (a, 2), a (a, t)] =i ae — 2’), (4.57) 


while the commutators involving other combinations of fields are required to 
vanish. The Fourier decomposition (4.27) of the field operator now is replaced 
by 


o(z,t) = fe (a Te Ge) ae Bt un (x, t)) ; (4.58a) 
é'(a,t) = fe (a U5 (et) bp Up(a, t)) (4.58b) 


Since the field operator is no longer hermitean, dt ea d, the coefficients ot 
now cannot be expressed in terms of Gp as in (4.14). Rather, there are two 
independent sets of creation and annihilation operators. These operators again 
obey simple commmutations relations that can be derived in the same way as 
in the case of the real Klein—Gordon field in the last section. The result is 


ee | = | Sor sya) 


Cae = eS ae | SS (4.59) 
[ap , bp’ | a [ap , OF] a [af , bp] = [at , oF] =O. 
The Hamiltonian and the momentum operator are easily expressed in terms 
of these operators. The normal-ordered Hamiltonian is found to be 


© In case of doubt one can employ a set of two independent real fields ¢1 = aal¢ + 


¢*) and ¢2 = 3(¢ — ¢") instead of ¢ and ¢* and transform back to the complex 
fields at the end of the calculation. 
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fe : [ap wp (ap ah + 8 6,) 
7 for wp (at ap + 616,) = [apup( ae +A) , (4.60) 


The derivation of this expression can be copied from the last section, replacing 
half of the @ operators by b operators in (4.36) and (4.38). Similarly the 
momentum operator becomes 


P= [app(ata, +16,) = Jove ae? + A9)) , (4.61) 
and the angular-momentum operator reads 
L=i Je [at (p x Vp) ap + O4(p x Vp)bp| (4.62) 


Obviously our new theory describes two independent types of particles a and 
b having the same mass m. Again a Fock space can be constructed, starting 
from the vacuum state which is defined to contain neither a nor b particles: 


Gn|0) 0p) \0) 0, for all. -p. (4.63) 
General many-particle states are now characterized by two sets of occupa- 
tion numbers {ni} and {nO}. Closer inspection of the Lagrange density 


(4.54) uncovers a connection between the two types of particles. It exhibits a 
symmetry under phase transformations 


¢! = oe™ : gr = o* ei (4.64) 


with real phases a. Noether’s theorem (see Chap. 2) tells us that this contin- 
uous symmetry transformation leads to a conserved quantity we will call the 


charge 
OL OL 
Bi 0) a EE 3 Ree oat) ch 
[eri eo) = i fete (S50 = 0") 


= -i [er (1h —1* 6") . (4.65) 


Q 


Because of the connection 7 = $*, a db this can also be written in the 
compact form 


q=i [arco 4 = (4,4), (4.66) 


using the notation of (4.24). 
Within the quantized theory the charge becomes an operator: 


Q= i fats 3(a — att): (4.67) 


Again the ordering of the operators is not determined from classical theory. 
By adopting the prescription of normal ordering we have eliminated an infinite 
but unobservable vaccuum charge. Insertion of (4.58) and the corresponding 
expansions of the conjugate field operators 7, it leads to 
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A 1 rte he a 
Q 25 [8p (ah ap + ay a, ~ 


Il 


(4.68) 


Il 
eS 
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— 
&> 
“St 
&> 
As) 
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> 
SS 
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ee 
w 
Mss! 
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It is immediately seen that the charge remains a conserved quantity also in 
the quantized theory: the charge operator satisfies the equation of motion 


= Oe oe (4.69) 
Collecting our results, we find that the operator at creates a particle having 


energy W,, momentum p and charge +1, whereas bt creates a particle with 
the same energy, the same momentum but opposite Blane —1. (Of course the 
absolute sign of the charge is just a matter of convention.) The 6 particles 
therefore are called the antiparticles of the a particles. 

Particles described by a real-valued Klein-Gordon field are known as 
strictly neutral. They do not possess antiparticles (one may as well say that 
they “are their own antiparticles”) and of course are electrically neutral. A 
well-known example is the neutral pion 7°. The distinction is somewhat subtle 
since there are also particles that carry no electric charge but are not strictly 
neutral and have antiparticles. This is possible since the notion of “charge” 
is not restricted to the electrical charge. Other types of charge can arise from 
internal symmetries. An example for a particle which is not strictly neutral is 
the K meson’ which comes in two types, the K° and the K°. 


EXERCS) See 
4.4 The Charge of a State 


Problem. What happens to the charge of a state |a) if the field operator ot 
is applied? 


Solution. We assume that |a) is an eigenstate of the charge operator Q with 
eigenvalue g. We want to determine the action of Q on the state ot la). Using 
the expansions 


Ole fer(a it — it by) (1) 


and 


we find that the product of the operators Q and ot becomes 


Q¢dt = [er fe aK a, dp at, Bf bp at, ut, + (al ap by — bt by bp ') uy |-@) 


7 See the volume W. Greiner, B. Miiller: Quantum Mechanics — Symmetries 
(Springer, Berlin, Heidelberg 1994) 


4.3 Symmetry Transformations 


This expression can be related to the product dQ. For this the creation and 
annihilation operators carrying the index p’ have to be commuted to the left 
by using (4.59): 


Q¢! = fa’ [x v'|( af, a} dp + af 6°(p — p’) — al, Ob bp )us, 
+ (bp af ap — by 6b, + 8(p — P'Vin) | . (4) 


The integrals containing delta functions drop out and the remaining terms 
are seen to agree with the operator ¢'Q: 


Thus if |a) is an eigenstate of the charge operator then this is true also for 
the state a): 


Q¢4' |a) = ¢(Q +1) )Ja) = (q+1) )ot la). (6) 


Thus the field operator dh i increases the charge of a state by one unit. Similarly 
one can show that db reduces the charge by one unit. The result can be written 
as 


(2, d(@)] =-4(z) , [Q, d'@)] = 4). (7) 
SSS IIe 


4.3 Symmetry Transformations 


In Sect. 2.4 we have studied in some detail the transformation properties of 
classical fields and the connection between continuous symmetries and conser- 
vation laws. These considerations will now be extended to the case of quan- 
tum fields. We will be guided by the general correspondence principle and 
postulate that the expectation values of quantum operators have the same 
transformation properties as the related classical quantities. 

Consider a general transformation that depends on a set of parameters w 
and changes the coordinates according to 


zg—og =L(w,2). (4.70) 
The classical field is transformed as 
d(x) > ¢'(2') = Aw) ¢(z) . (4.71) 


In the case of a multicomponent field, A(w) of course is a matrix. A state 
vector in Hilbert space |a) in the old system gets transformed into the vector 
|a! ) in the new system through the linear transformation® 


ja’) =U(w)|a) . (4.72) 


® From a mathematical point of view also antilinear transformations are admissible. 
These are found to arise in the case of time-reflection transformations, (zo,x) > 
(—2xo,x), see Chap. 10. 
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To preserve the norm of the state, U(w) must be a unitary operator 
Ul (w) =U) . (4.73) 


Now we postulate the following connection between the primed and unprimed 
matrix elements of the field operator (x): 


ee A(w)(B|o(x) |e) . (4.74) 


Note: the field operator is not primed. This would amount to double count- 
ing since the new system is already reached by using the transformed state 
vectors. Indeed ¢(x) and d(x") are different operators if x # x’. The degrees 
of freedom of the quantum field are described completely by specifying the 
set of field operators ¢(x) at all points z of Minkowski space. Since (4.74) is 
meant to apply to all states, using (4.72) and (4.73) we deduce the following 
transformation law of the field operator 


U- (w)$(2' Uw) = Aw) d(2) (4.75) 


or 
UM (w)b(2)Uw) = Aw)d(L-*w, 2) - (4.76) 


The set of all transformations forms a group, where group multiplication is 
defined as the subsequent application of the elements. The corresponding op- 
erators U/ then form a unitary representation of the transformation group in 
Hilbert space. 

In the case of a continuous transformation® it is reasonable to start with 
infinitesimal transformations x’ = x + dw. The operator U will be close to the 
identity and we write 


U(dw) = 1—iG(dw) (4.77) 


where G(éw) is a hermitean operator that is linear (to lowest order) in the 
small “rotation angles” 6w. Then (4.76) to lowest order becomes 


i[d(x) , G] = —0,.4(x) da" + (A(6w) — 1) 6(x) . (4.78) 
Now let us study the example of an infinitesimal Poincaré transformation 
(translation plus Lorentz transformation) 

Ot =e OW ye. (4.79) 


For the transformation operator (4.77) we make the general linear ansatz 
a 5 1 *s 
G(eF, dw”) = -e, P# + Oe MP (4.80) 


This is precisely the form of the generator of the Poincaré transformation 
(2.93) introduced in classical field theory. There the quantities P* and M?” 
had been identified as the momentum vector and the angular-momentum ten- 
sor, respectively. Now P* and M#” have become operators in Hilbert space. 

In the special case of pure translations we have A = 1 and (4.78) takes on 
the form 


° The important case of discrete transformations (reflections) will be treated in 
Chap. 10. 
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i[$(z), P*] = — a" 4(z) . (4.81) 


This makes it clear that the momentum operator P# is related to space-time 
translations of the field operator. This connection becomes even more obvious 
when finite translations x!, = x, +a, are studied. The unitary operator (4.77) 
is generalized as 


U(a) = ee? (4.82) 


and from (4.78) the following important rule for the change of the field oper- 
ator under translations is obtained: 


d(x +a) =e'*? Jz) cia? (4.83) 
This can be shown by using the general operator identity (cf. Exercise 9) 
e* Be A= B+([A,B)+4[A [A,B] +... . (4.84) 


From the commutator relation (4.81) it can be seen that the right-hand side 
of (4.83) is just. the Taylor expansion of the function ¢(z): 


ei? b(r)eieP = b(n) + fia P, d(x)] + [ia- P, fia P, d(a)]] +... 
= $(x) + a,0"4(x) + 4a,0,0"d" d(z) +... 
$a +a). (4.85) 


Similarly, (4.81) and thus (4.85) also hold for the canonically conjugate field 
w(x). Therefore the identity 


F(z +a) =e? F(z) ei? (4.86) 
holds for any operator that can be expanded in powers of db and 7. As aspecial 
case, for a purely temporal translation with a = (t,0) and z = 0 we have 

F(t) = el#* £(0) eit (4.87) 
from which the equation motion 

Oo F(t) = ittel#* F(o)e it — i * F(O)e tH =i[ A, F(t)] (4.88) 


can be deduced. This is Heisenberg’s equation of motion for the operator 
fF. Replacing the temporal by a general translation we arrive at the four- 
dimensional generalization of Heisenberg’s equation 


ENG) = Ne tea) | (4.89) 


In the case of infinitesimal Lorentz transformations (boosts or spatial ro- 
tations), (4.78) leads to a commutator relation between the field operator and 
the angular-momentum tensor. As in (2.64) we write 


1 
A(6w) = 1+ Sbuyv1" , (4.90) 


where 6w,,, denotes the boost parameters or rotation angles and J”” are the 
infinitesimal generators of the Lorentz transformation. For each combination 
of w and v the generator J” is a matrix in the space of the components of 
the field operator. In contrast to (2.64) we will not denote this explicitly here. 
Taking into account that M“” has to be antisymmetric, (4.78) becomes 
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i[b(x), M*”] = (2”a" — wd”) b(x) — I*”G(z) . (4.91) 


The contributions of orbital and spin angular momenta are clearly separated. 
This result is the quantized version of the Poisson-bracket relation (2. 95). 

The relations (4.81) and (4.91) are of fundamental importance for quantum 
field theory. A precise definition of the operators P# and M¥#”, however, has 
not yet been given. We can expect that these operators emcree from the 
corresponding classical expressions deduced from Noether’s theorem by the 
substitution 4(z) > ¢(x). The operators P# und M#” formed within this 
recipe satisfy equations (4.81) and (4.91). This can be shown with the use 
of the canonical commutation relations for the field operator. In Exercise 4.5 
this will be checked for the case of a charged Klein—Gordon field. 

The generators P, and M uv Satisfy the Poincaré algebra which we have 
already discussed in ae framework of classical field theory. We have to replace 
the Poisson brackets in (2.96) by commutators, { , }pp — —i[, ], which gives 


(ie. | ae (4.92a) 
[My ? Py] = UGB = vr Pu) ) (4.92b) 
[Muy ’ Mor] = i(gu7 Myo = Gop = Gap Me ae Guo Myr) , (4.92c) 


The special cases of spatial momentum and angular momentum operators 
have already been checked explicitly in Exercise 4.2. 

In addition to the transformations involving space and time we can also 
study the internal degrees of freedom of the field. For infinitesimal transfor- 
mations (2.78) 


pe (Cele (4.93) 
with the notation G = —eQ for the charge operator as a generator, the fol- 
lowing commutation relation is deduced: 

Ea) tela (4.94) 


In the case of a symmetry transformation the related generator G will be a 
conserved quantity. According to (4.88) this implies that the generator has to 
commute with the Hamiltonian 


Gl oe (4.95) 


For the momentum and angular-momentum operators this condition is a spe- 
cial case of the Poincaré algebra (4.92a) and (4.92b). The canonical commu- 
tation relations can be used to check whether (4.95) is satisfied in a given 
theory. 


4.3 Symmetry Transformations 
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4.5 Commutation Relations Between Field Operators 
and Generators 


Problem. Prove the validity of the commutation relations (4.81), (4.91), and 
(4.94) for the case of a charged scalar quantum field. 


Solution. The Lagrangian of a free charged Klein—Gordon field is given by 
(4.54). The time and space components of the momentum operator expressed 
in terms of the field operators ¢, ¢', # = Op¢', and at = dog are 


ae [oe (#.b + atO,dt) , (1a) 


as 
| 


= [ee (ata + Vdl-Vo +m? dtd) . (1b) 
The angular-momentum tensor is similarly given by 
Mu = [ox (21(7# nd + Ong) 
—2n(%Od + TAGT)) , (2a) 
Mg = [ax (ol#Ond + #,61) ~ an(at# + VGt-VG + m24"4)) . (2b) 


According to the canonical quantization rules (4.58), in the calculation the 
commutators of ¢(x) with these operators only terms of the type [¢, #] and 
(dt, #'] will contribute. Since the resulting delta function cancels the integra- 
tion we immediately obtain the desired results 


[o(x), Pr] = idnd ’ (3a) 
[d(z), Po] = itt =idd, (3b) 
(A(z), Mau] = i(210nd = tn) ’ (3c) 
(d(x), Mno] = i(xodnd — anit) = i(toOng — tnd) , (3d) 
The charge operator is given by (2.83): 
Q=-i fats (@@)b(e) - #4"). (4) 
This leads to the commutation relations (see Exercise 4.4) 
[o(2),Q] = =i fae [d(x), #(a')] d(2') = (2) , (5a) 
(3), Q] = 4 feta’ [B1@), #1 (@)} He") =H). (5b) 


The choice of operator ordering (e.g., normal ordering) does not affect the 
commutations relations (3) and (5). 
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4. Spin-0 Fields: The Klein-Gordon Equation 
4.4 The Invariant Commutation Relations 


Up to now our discussion of canonical field quantization has been based on the 
commutation relations between field operators at two different points having 
arbitrary spatial separation but equal time arguments. Although this proves 
sufficient for us to carry out quantization it would be gratifying to have a 
formulation that does not single out the time coordinate but is relativistically 
invariant. In the case of free fields this can be achieved very easily. Since we 
know the explicit time dependence of the field operators, expressed in terms 
of creation and annihilation operators, the commutators can be evaluated for 
arbitrary values of the coordinates. 

In the following we will study a complex Klein—Gordon field, starting with 
the commutator between the field operators ¢(@, 20) and é'(y, yo) for arbi- 
trary, possibly unequal times Zo, Yo: 


iA(a — y) := [4(2), $'(y)] - (4.96) 
This function was first studied by W. Pauli and P. Jordan. Sometimes it 
is also associated with the name of J. Schwinger. The notation A(z — y) 
already takes into account the homogeneous character of space-time which 
implies that the commutator can depend only on the difference x — y of the 
coordinates, not on their absolute values. To find an explicit expression for 
the function A(x —y) we insert the expansion (4.58) of the field operator with 
respect to the plane-wave basis (4.58) 


Ja) = [ap (arun(e) + bf ugle)) = 8) + 6O@) (4.97) 


and the hermitean adjoint of this equation. The expression gets simplified 
through the use of the commutation relations (4.59) between the creation and 
annihilation operators: 


Ate a) = feo ap (uy (@)upCo) [arf] + up (@)up(v) (BF) 


[2° (unle)ug(o) ~ u5@)up(w)) 

= dp 1 —ip-(a—y ip-(a—y 

= eas aC (wy) _ otip-( ) 

iAH (2 — y) 1A (a — y) , (4.98) 


where the frequency factor in the exponent for both terms is given by po = 
Wp =t+/p? + m?, Equation (4.98) can also be written as 


3p «sinp: (x — 
Aw-)=- fos, Bea) (4.99) 


Now let us study the properties of the commutation function A(x — y). 


1. A(x — y) is a Lorentz-invariant function. This could have been expected 
as the definition did not single out a specific frame of reference. To underline 
its Lorentz invariance the Pauli-Jordan function can be written in a mani- 
festly four-dimensional form. The three-dimensional momentum integration in 
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a a ee Een NRE ee ee 


(4.98) will be extended to four dimensions. For this we make the substitution 
p — ~p and write (abbreviating z = x — y) 


dep 1) 
— fe-ilwpzo—p-z) _ ni(wpzo—p-z) 
fom 2Wp (e iG ) 


- [x a (5(p0 — Wp) — 6(po + wp) oo ead 2) 
a if os eae (5(0 — Wp) + 6(po + wp)) CuGe (4.100) 


Here 


as +1 fii >0 
(vo) = sen(om)={ ty Fie 72g 


is the sign function. Both delta functions can be cleverly combined: 


1 
5a (5(0 — Wp) + (po + wp)) = 5((po — Wp)(Po +wp)) = 6(p§ — w3) 
P 
= 6(p, —p* —m?) 
= 6(p?—m?), (4.101) 
and therefore 
: dé a 
iA(x#—y)= / ae €(po) 6(p? — m?) ei? (9) | (4.102) 


This expression obviously is Lorentz invariant since it is composed entirely of 
scalar quantities. This is true also for the factor e(po), since the sign of po does 
not change under arbitrary proper (orthochronous) Lorentz transformations: 
time-like (p? = m? > 0) momentum vectors with po > 0 always lie in the 
forward light cone and those with po < 0 in the backward light cone 


2. A is an odd function: 
A(z — y) = -A(y-—2). (4.103) 


This is an immediate consequence of the definition. 


3. The following boundary conditions at vanishing time difference hold: 


A(0, x) = (4.104) 


= —67 (a) . (4.105) 
xo=0 
The first condition (4.104) can be read from (4.99) since the integrand is an 
odd function in p. Equation (4.105) can be verified by differentiating (4.98) 
with respect to time: 


de it i : in: 
= -/ Z =—(-iw,e”* — (iw,) e*'? 4) 
Vy Cae Phe xo=0 


mes / i s(et"* + e*) = (x). (4.106) 


0 
A 
OxXo (70, = 


zo=0 
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Fig. 4.1. The invariant 
function A(z —y) vanishes 
outside of the light cone, 
i.e., for space-like dis- 
tances (x—y)? <0. On 
the surface of the light 
cone A(z —y) is a singular 
function 


4. Spin-0 Fields: The Klein-Gordon Equation 


We further note that the spatial derivative of A(x) vanishes at to = 0 owing 
to the antisymmetry of the integrand: 


d°p pcos(p- x) 
-o= =), 4.107 
V A(Zo, Z)|eo=0 loa a ( ) 
This symmetry argument can be easily generalized to the case of higher deriva- 
tives. At to = 0 the following derivatives of A(z) can be shown to vanish: (i) 
all spatial derivatives; (ii) all time derivatives of even order. 

As a corrolary to (4.106) the equal-time commutation relations can be 


regained since according to 7(x) = o' (a) 


[d(a) #(y)] = [$@) $'(y)] = i [d(a), o'(y)] = ZAC — y) , (4.108) 


and for equal time arguments 
és " _@ 
[d(z, t), 7(y, t)| mz in Ale as y) = hae ae y ) : (4.109) 
Yo to>Yo 


The commutation relations 


[d(z), (y)] = [#(@), t(y)] = 0 (4.110) 


turn out to be valid for arbitrary times zo, yo. After the insertion of the expan- 
sion (4.97) of the free field operator, only those combinations of creation and 
annihilation operators turn up that have a vanishing commutator according 
to (4.59). 


4. The function A(z) satisfies the homogeneous Klein—Gordon equation 


(O+m?) A{z) =0. (4.111) 
This can be seen from (4.96) written in the form 
oe 2 
A(x) = = [¢@),9'O)] (4.112) 


since the field operator 4(x) according to (4.8) satisfies the Klein-Gordon 
equation: (+ m2)¢(a) = 0. 

We note that the properties 3 and 4 are sufficient to provide a unique 
definition of the function A(z). Mathematical theory shows that the solution 
of a hyperbolic differential operator like (0 + m*) is completely specified by 
giving the initial values of A(x) and 0/0x9 A(x) on a space-like hypersurface 
ro = 0. 


5. A very fundamental property of quantum fields can be deduced from 3: 
A(t-—y)=0 for (x-y)? <0, (4.113) 


i.e. the invariant function A(x — y) vanishes if the argument is a space-like 
four-vector as illustrated in Fig. 4.1. According to (4.104) this property is 
valid in the special case ro = yo- It must be valid also for any four-vector 
x — y which can be reached by a proper Lorentz transformation. 

In quantum theory the vanishing of the commutator between two operators 
has the important consequence that the corresponding observable quantities 
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can be measured independently. In our case this implies that measurements at 
two points that have a space-like separation, i.e., those which cannot get into 
contact through the transmission of light signals, do not influence each other. 
To put it in another way: disturbances cannot propagate with superluminal 
velocity. This is one of the most fundamental demands to be imposed on a 
physical theory. It is also known as the condition of microcausality. On a 
macroscopic scale the absence of faster-than-light transmission of signals has 
been well tested. Nothing indicates that the causality principle might break 
down at the scale of atoms or elementary particles. Therefore it is generally 
accepted that microcausality describes an essential property of the fabric of 
space and time. 

We have to admit that the discussion so far has been a bit careless since 
the fields ¢ themselves do not correspond to physical observables.!° More 
correctly one has to form bilinear forms of field operators (e.g., currents). As 
the following argumentation shows, however, the conclusions are not modified 
if this refinement is taken into account. 

The general form of an operator that corresponds to a local observable 
can be written as 


O(z) = $'(2) O(2) O(a) , (4.114) 


where O(z) is a c-number-valued function or a differential operator. The prop- 
erty of microcausality is determined by the commutator of two observables:" 


[O(2), Oy)] = O(@)O(y) [(2)4(@), $(y)dQ)] - (4.115) 
The commutator involving bilinear form can be rewritten as follows 
[s* (x) d(x), dy) o(y)] 
= dt(x)dt(y) [6(@), o(y)] + $*(@) [$(@), oy] $@) 
+ oy) [d'(2), d(y)] d(x) + [4"(2), d*(y)] oy) o@) 
= gt(x)iA(a — y)d(y) + b'(y)(-I) Ay — 2) d(@) - (4.116) 
We have used the commutation relation (4.96) as well as (cf. (4.110)) 


[d(z), o(y)] = [é'(z), oh) = (4.117) 


Thus the commutator of observables taken at different points in space-time 
reads 


(O(a), O(y)] = O(@) OW) (4'(@) 4d) + dty)o@)) iA(@—y). (4.118) 


As we see, the property of microcausality obeyed by the Pauli-Jordan func- 
tion, which vanishes for space-like separations, translates into the commutator 
of bilinear observables: 


[O(z) roa) 0 for (t—y)? <0. (4.119) 


10 A careful discussion of the measuring process and commutation relations in field 
theory was carried out in N. Bohr and L. Rosenfeld: Phys. Rev. 78, 794 (1950). 
11 Tf O(c) is a differential operator one has to be careful on which argument it acts. 
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The condition of microcausality can be used to explain why spin-0 particles 
cannot be made to satisfy the Fermi—Dirac statistics, i.e., why the Klein— 
Gordon field cannot be quantized by using anticommutators. Let us attempt 
to adopt these “wrong” commutation rules: 


{apaals} = one =S(p—p')  ete.. (4.120) 
The anticommutator between field operators would then be 

iA; (x - y) {o(2), 3 (y)} 
[ev dp (up (x)up (y) {ap ah} + uj, (c)up (y) {6}, ip} ) 
[280 (u» @up) +05 @un(0)) 


= jAM(g —y) -iAT) (x#-y), (4.121) 


which differs from (4.98) in the relative sign of the two terms. As in (4.99), 
combining the exponential functions leads to 


_ [Bp _cos[p- (x —y)] 
s(n) ip 


The function A; (z—y) is also relativistically invariant and satisfies the homo- 
geneous Klein-Gordon equation (cf. (4.6)). There is one decisive difference, 
however: in contrast to A(x — y), the function A;(x — y) does not vanish for 
space-like separations. Indeed for the special case of equal times ro = yo the 
solution of the integral in spherical coordinates (see Exercise 4.6) yields 


iA;(x — y) (4.122) 


dp cos[p-(«—-y)] _ m “g 

(27)3 ~— \/p?2 +m? ~ Qn2\a — y| 
The modified Bessel function (MacDonald function) K;(x) drops off exponen- 
tially for large arguments. However, it certainly does not vanish in a region 
of the size of the Compton wavelength of the particle. Using this property 
we now proceed to show that the quantization prescription (4.120) would w- 
olate the principle of microcausality, i.e., we will show that the commutator 
between two observables located at space-like distance does not vanish. For 
the observable we again adopt an expression bilinear in the field operator, 


as in (4.114). The required commutator is transformed using the identities 
(A, BC] = [A, B]C + B[A, C] and [A, BC] = {A, B}C — B{A,C} as follows 


[at (x) d(x), d' (y) o(y)] 
= —dt(x)dgt (y) {4d(x), d(y) } + O42) (d(x), H'(y)} o@) 
—~$' (y) {bt (x), d(y) }6(z) + {4 (a), oy) }d(y) O(a) 
= (4 (@)d@) - d(y)d(a) )iAr@ 9). (4.124) 


This implies that on the scale of the particle’s Compton wavelength micro- 
causality would be violated if we were to adopt fermionic quantization 


(O(c), Oy) #0 = for (x-y)? <0. (4.125) 


i(m|a — y|) #0. (4.123) 


4.4 The Invariant Commutation Relations 


This shows that the Klein—Gordon field may not be quantized by using the 
rule for fermions. This is a special case of the general spin-statistics theorem, 
which goes back to W. Pauli!? . 


EXERCIS! Es 


4.6 The Function A;(x — y) for Equal Time Arguments 
Problem. Calculate the propagation function A, (x — y) for the special case 
of equal time arguments 9 = yo, i.e., for space-like separations. 


Solution. For x9 = yo, (4.122) simplifies according to 
d®p cos(p: (x — y)) 
AMO pe ie aarereiae ee 


We express the vector p in spherical coordinates, taking the polar axis to 
point into the direction r = x — y: 


il an ae. °° _ p* cos(pr cos @) 
iAOe-v) =o | d@ fas sino f Tamara (2) 


The ¢ integration can be done immediately, leading to a factor 27. To solve 
the @ integration we substitute z = prcos 0: 
1 eddy ire 
iA,(0,2—-—y) = ay | + | dé sin @ cos(pr cos 0) 

( (27)? Jo sp? +m? Jo 

1 eats i nal 
ao i" SaaS ‘i dz — cos z 
(277) 0 vy lie ap m2 —pr pr 

1 oo psin pr 


—= dp —————. 
amr Jo fp? + m? 
The denominator in this integral can be eliminated through the transforma- 
tion p = msinh¢ and thus dp = \/p? + m? dt, leading to 


(3) 


iA, (0,2 —-y)= —- i dt sinht sin(mr sinht) . (4) 


This turns out to be an integral representation of the modified Bessel function 
(MacDonald function)!? K,(mr). The resulting special case for the invariant 
function thus becomes 


m il 
——=— Ki (mig ; 5 
On? | i i( | yl) (5) 


iA; (0, x y) = 


12 W. Pauli: Phys. Rev. 58, 716 (1940); M. Fierz: Helv. Phys. Acta 12, 3 (1939). 
13 1.5. Gradshteyn, I.M. Ryzhik: Table of Integrals, Series, and Products, (Academic 
Press, New York 1965) no. 3.996.1 
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4. Spin-0 Fields: The Klein-Gordon Equation 
4.5 The Scalar Feynman Propagator 


The functions A(x — y) and Ai (x — y) are just two members of a whole fam- 
ily of invariant functions that solve the Klein-Gordon equation with special 
boundary conditions. Perhaps the most important member of this family is 
the Feynman propagator Ap(x — y) which will turn out to be an essential 
ingredient for the treatment of interacting field theories by using perturba- 
tion theory (see Chap. 8). The Feynman propagator is defined as a particular 
expectation value of a product of field operators: 


iAp(a — y) = (0| T(o(x)$"(y))|0) - (4.126) 


The symbol T denotes the time-ordered product of the operators o(x) and 
' (y). Given two time-dependent vectors A and B we define the time-ordered 
product as 


T(A(x)B(y)) = A(@)B(y)O (ao — yo) + BYy)A(#)Oo - 20). (4-127) 


The factors are put into chronological order so that the operator having the 
later time argument is put first. When reordering is carried out, a plus (minus) 
sign is used, depending on the bosonic (fermionic) character of the operators. 
The definition (4.127) of the T product is easily generalized to the case of 
more than two factors. The operators are then ordered in such a way the time 
arguments decrease monotonically from left to right. If two time arguments 
happen to be equal, problems might arise since the ordering then is not well 
defined. In the present case this poses no problem for finite spatial distances 
x #y since the operators o(a) and ot (y) are then known to commute 

To evaluate the Feynman propagator (4.126) we first consider the case 
Lo > Yo: 


(0|T (d(x) 4" (y))10) 


(0|4(x)¢" (y)|0) 
(old(2) HS (y)|0) for ao > yo, (4.128) 


where the superscript (+) or (—) denotes those parts of the field operator 
(4.58) that have positive or negative frequency, respectively: 


b+) (x) = fe Gen) : bt) (2) = fe bp (ae) 3 (4.1294) 
d\)(2) = fev ot us (2) ; ot) (x) = [a at us(z).  (4.129b) 
Three terms could be dropped in (4.128) because of 
fH (y)]0) = (0]d (x) = 0. (4.130) 
Insertion of the expansion (4.129) yields 
cd: eae, 
—_ 3 * _ Dp —ip:(2— 
iAr(x oa y) mad fe Pp Up(x)us(y) = (2n)3 Doe cq4 GS) 
= {A G7) tore = soe (Gara) 


An analogous derivation for the opposite time ordering yields 


4.5 The Scalar Feynman Propagator 
iAp(w—y) = (0/b'(y)d(a)/0) = (0]6 (y) 6 (a) Io) 


if ie dle Bie 
= [Sruougo) = fom ip 


= “iA (2 =) Iie Ge ay (4.132) 
Combining these results we find 


iAp(x — y) = O(2 — yo) IAM (a — y) — O(yo — 29) iA (x — y) 


d’p 1 —ip-(e—y) +ip-(x—y) 
= | tan aa (Oe — we E+ Oly — mo) ee] 
Pp 


(4.133) 


The function Ap(x — y) can be represented in a form that is very useful for 
practical calculations by introducing a further integration of the variable pp. 
Going to the complex po plane, we can interpret both terms in (4.133) as the 
residues of a common integrand. If we make the substitution p — —p in the 
second term we can combine them into 


1 : 
QW [O(@o — yo) eM (0~ 9°) +. O(y9 — 29) eras?) 


dpo e—iPpo(zo—yo) 
aes 2 4,134 
ia 2mi (po — Wp) (po + Wp) ( 


Here the integration contour Cr has to be used, which circumnavigates the 
poles of the integrand in the complex plan as depicted in Fig. 4.2. Equation 
(4.134) immediately follows from Cauchy’s theorem of residues if one closes 
the path of integration by a large semicircle in the upper half plane (if zo < yo) 
or in the lower half plane (if 29 > yo). Thus the Feynman propagator can be 
written in the compact form 


d4p ea ip: (z—-y) 
Wye ———— 4,135 
Ar(z — y) [. (27)4 p? —m? ( ) 


The same effect can be achieved if one integrates along the real pp axis instead 
of the contour Cr and avoids hitting the singularities by shifting them by an 
infinitesimal amount in the complex plane. The correct signs of this shift 
are obtained if a term +ie is added in the denominator. Thus the Feynman 
propagator can also be expressed as 
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Fig. 4.2. The integration 
contour Cr used to define 
the Feynman propagator 
Ar 
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I 


da: ee 
Ap(t-y) = i Pe PY) An(p) 


(27) 
d'p —ip-(x—y) L 
= PATTY) 4,136 
le i p? —m? + ie ( ) 


which shows that in momentum space the Feynman propagator is a simple 
rational function. The integral representation can be used immediately to 
show that Ap(z — y) is a Green’s function of the Klein-Gordon equation. 
Application of the Klein-Gordon wave operator to (4.136) gives 


d‘p e-ip-(z—-y) 
2 a = mee a 
4 
So a ene) 3G ee) 


i.e., the function Ar(x — y) is a solution of the inhomogeneous Klein—Gordon 
equation containing a delta function as a source term. 

The Feynman propagator Ap(t2 — 2) defined through (4.126) will later 
be seen to emerge naturally in the perturbation series for interacting field 
theories. We can illustrate its meaning already at the present stage. According 
to Exercise 4.4 the operator ot (x,t) increases the charge Q of a state by one 
unit, whereas d(x, t) decreases it by the same amount. Application of the 
adjoint field operator on the vacuum |0) gives a state ' (a1,t1)|0) which 
containes a single particle, described by the creation operator at. Projecting 


this state onto (¢t (ao, t2)|0))t = (0|d(a2, tz) leads to a probability amplitude 
that describes the process by which a particle starts at the point 21,t, in 
space-time and propagates to the point x2, tz. This is given by 


iAp(Ze = £1)O(te = ti) = (0|d( Zo, to)" ( (ae ei )|0) O(te = t1) 5 (4.138) 


One can say as well that a particle is created at point 1 (i.e., 21,1) and gets 
destroyed at point 2 (i.e., x2, t2). There is a closely related second process in 
which a unit of charge moves from point 1 to point 2: instead of the annihi- 
lation of a particle at 2 an antiparticle (described by b p) can be created at 
this point. This can move to 1 where it is annihilated, thereby increasing the 
charge Q at this point by one unit, just as it was increased by the creation 
of the particle in the first process. The amplitude for the propagation of an 
antiparticle is given by 


iAp(xe = £1) O(ty = te) = (0| dt (a1, t1)¢(a2, te) |0) O(ty = to) . (4.139) 


Obviously the Feynman propagator Ap(z2 — x1) includes both processes of 
particle and antiparticle propagation, depending on the time ordering of t) 
and ta. Figure 4.3 illustrates this for the example of the propagation of charged 
pions (~ = particle, 7* = antiparticle). Both processes can be combined in 
an illustrative manner by using Feynman’s interpretation, which considers an 
antiparticle to be a particle that moves backward in time. If this language is 
used one has to invert the direction of the arrow in Fig. 4.3(b) and at the 
same time change the label from 1* to 17. 

In the volume Quantum Electrodynamics in this series of books, the dis- 
cussion of the Feynman propagator is the starting point for developing the 
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(b) 


theory of quantum electrodynamics, without making use of the methods of 
field quantization. Central to this presentation is the intuitive physical picture 
of particle and antiparticle propagation developed by Stiickelberg and Feyn- 
man: particles propagate forward in time; antiparticles are viewed as particles 
with negative energy that move backward in time. 


4.6 Supplement: The A Functions 


In the last sections, several important functions have been constructed, start- 
ing from a scalar field. Now we want to present a complete collection of these 
functions and to derived their mutual relationships. The whole family of func- 
tions will be denoted by the letter A, each member being distinguished by an 
additional! subscript. Table 4.1 contains a listing of the A functions commonly 
used.14 


Table 4.1. A collection of the invariant commutation and propagation functions of 
a scalar field 


Pauli-Jordan function 


positive frequency 


negative frequency 


anticommutator 


$(e(20)A + Ai) 


Feynman propagator 


retarded propagator O(x0)A 
advanced propagator —O(-—20)A 
Dyson propagator $(€(t0) A — A1) 


principal-part propagator $€(x0)A 


14 The literature contains a multitude of different conventions that differ in the 
names and by multiplicative factors. 


Fig. 4.3. Space-time di- 
agram showing the prop- 
agation of a particle (a) 
and of an antiparticle (b), 
both being described by 
the Feynman propagator 
Ar(x2-—21) 
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These functions can be classified according to the result obtained when apply- 
ing the Klein-Gordon operator. The functions A, A) AC), A, satisfy the 
homogeous Klein-Gordon equation 

(Q+m?)A(z)=0 ete. (4.140) 


In contrast, the functions Ar, Ar, 4a, Ap, A are Green’s functions, i.e., they 
solve the inhomogeneous Klein-Gordon equation with a delta function as the 
source term: 

(0+ m7) Ap(a) = -64(2) eieer (4.141) 


In the following, we will call these two classes the commutation functions and 
the propagation functions. 


The Commutation Functions 


As the most important representative of this type, in Sect. 4.4 we have be- 
come acquainted with the Pauli-Jordan function, which was defined as the 
commutator of two scalar field operators: 


\A(x) = [6(z) , 6(9)] . (4.142) 
The Pauli-Jordan function has the three-dimensional Fourier representation 
(using po = Wp = +./p2 +m? ) 


3 
Ate) = -if oa in (ei? — ctv) (4.143) 
or 
A(z) = — / a ene are (4.144) 
Equivalently we have deduced the four-dimensional Fourier representation 
Ate) = -i [EB oP em) (0? =m), (4.145) 
(27)° 


where €(po) = sgn(po) denotes the sign function. 

There is another way to represent A(x) in terms of a four-dimensional 
integral in momentum space. Both terms in (4.143) can be interpreted as the 
residues of an integral over dpp having poles at pp = tw ,. To generate these 
residues one has to integrate over a closed contour C that encompasses both 
poles (cf. Fig. 4.4a). 

This is confirmed using the theorem of residues for the po integration 
according to 


dpp e7iPoto dp e7iPoro 
C 2x pt—-m? C 2m pe—we 
= —-2m7i (Res -+Res ) 
Po=+w, Po=—-Wp 
IL : 2 
= nigh (octets — ote) 4.146) 
P 


A comparison with (4.143) reveals that 
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Im po Im po Im po Fig. 4.4. The integration 
contours that define the 
commutation functions 


Repo Repo Repo 


d‘p e ip 
A = pe eee 
(x) [ Cay (4.147) 


where in the second term of (4.143) p was replaced by —p. 
The Pauli—Jordan function contains two parts, one with positive and onw 
with negative freauency: 


AG ACNE AGG): (4.148) 


Obviously each of these parts is generated from one of the two residues in 
the integral (4.146). One can obtain these parts by using the contours C+) 
or C‘-), which circle around one of the poles as defined in Fig. 4.4b. The 
functions A(*)(z) can be written in the invariant form (4.147) by using the 
identities (see (4.101)) 
1 

2Wp 

which lead to 


One further type of commutation function can be constructed by surrounding 
the two poles in opposite directions, using a contour C, shaped like the figure 
eight (see Fig. 4.4c): 


5(po F Wp) = O(+po) 6(p* — m?) , (4.149) 


e i?'* @(+p0) 6(p? — m*) . (4.150) 


Ai(z) = AG) (2) — AW) (a) . (4.151) 
The function A,(x) defined in this way! has the three-dimensional Fourier 
representation 

d‘p eT ips ae dp 1 aie oe 

a) [. Clos | ta ) 

3 
== dp eip't pen) : (4.152) 
(27)8 Wp 
An alternative representation follows from (4.150) 
py ecnpe eee a 2 
AG = Seine e 'P* 6(p* —m*) . (4.153) 


15 Often the definition of A;(z) is given with an additional factor i which makes it 
a real-valued function. 
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Fig. 4.5. The integration 
contours that define the 
propagation functions 


We have encountered the function iA; (x—y) in (4.121) where it was identified 
with the anticommutator of the field operators ¢(x) and (y). 

The commutation functions have the following properties under reflection 
and complex conjugation, which are easily verified from their integral repre- 
sentations: 


So —AlF) (2) , 
A(-2) = -A(z), 
Aver =) ya)e 
A+)*¥ (2) = A‘F) (a) , 
A (a= 4) real , 
A(z) = —Ax(z) imaginary . (4.154) 


The Propagation Functions 


All the functions introduced in the last section satisfy the homogeneous 
Klein-Gordon equation. This becomes immediately obvious from the four- 
dimensional Fourier representations (4.145), (4.150), and (4.153)) since 
(p? — m?)6(p* — m?) = 0. The Green’s functions, on the other hand, can 
be constructed by solving the Fourier integral (4.147) with open integration 
contours that extend to infinity. Upon application of the operator 0 + m? the 
poles are canceled and we are left with an integral from —oo to +00. Since 
the integrand is the exponential function exp (—ipozo) this leads to a delta 
function. 

The most important representative of this class of functions is the Feynman 
propagator, which was introduced in Sect. 4.5: 


iAr(x — y) = (0|T (d(x) 6"(y)) 0) . (4.155) 
This functions results from the integration 
d‘p ep 
A = —— ———; 


extended over the Feynman contour Cr defined in Fig. 4.5a (see also Sect. 
4.5). 


Im po Im po Im po 
Cr R 


Repo Repo C Repo 


Cp Ge 
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The contour Cp is open and extends to infinity. Since the integrand is a holo- 
morphic function, the po integration can be closed by adding a “half-circle 
at infinity”. Here the sign of the time coordinate zp makes an inportant dif- 
ference: the contour can be closed in the upper (lower) half plane provided 
that xo is negative (positive). The integration contour extended in this way 
encircles only one of the two poles. It can be deformed continuously without 
changing the value of the integral and is thus seen to be topologically equiv- 
alent either to the contour C‘+) or to the contour —C‘—) from Fig. 4.4b. This 
obviously implies the relation 


A(x) = O(29) AM) (x) — O(—29) AM (a) . (4.157) 


Therefore the Feynman propagator corresponds to a sum of the positive- 
frequency Pauli—Jordan function for positive time arguments and of the 
negative-frequency Pauli—Jordan function for negative time arguments, both 
being combined with a negative relative sign. This construction of the Feyn- 
man propagator ensures the correct implementation of the condition of causal- 
ity in the study of the propagation of perturbations. Here in the spirit of 
Stiickelberg and Feynman antiparticles are treated as particles with negative 
frequency (energy) that move backward in time (see also the discussion in the 
volume Quantum Electrodynamics). 

Alternative propagation functions can be defined through the open inte- 
gration contours Ca and Cp in Fig. 4.5b, which pass both poles on the same 
side. Closing these contours can lead to the Pauli-Jordan function A(z) from 
Fig. 4.4a. If the time coordinate has the opposite sign, the integral vanishes 
since no poles are encircled. Thus we have 


re a= ein VZACE) (4.158a) 
Aa(z) = —O(—2) A(z). (4.158b) 


These are the retarded and the advanced Green’s function of the Klein-Gordon 
equation. Ap (Aa) is nonvanishing only for a positive (negative) time argu- 
ment. Looking at (4.158) we find that the Pauli-Jordan function A(x) can be 
written as the difference between the retarded and the advanced propagators: 


A= 2) AN). (4.159) 


This is quite natural since a comparison of Figs. 4.4a and 4.5b reveals that 
by pasting together the contours Cr and —C, at infinity, we generate the 
integration contour C. 

For completeness’ sake we mention the “anticausal” propagator (also 
known as the Dyson propagator) Ap(x), which encircles the poles in the 
opposite way compared to the Feynman propagator (see Fig. 45a): 


Ap(x) = O(20) AW (x) — O(-20) AM . (4.160) 


Finally the principal-part propagator A(z) can be introduced, which is 
generated if the po integration on the real axis runs through the poles at 
po = tw, as sketched in Fig. 4.5c. The integration over the singularities is 
interpreted as a principal-part integral. This prescription can be interpreted 
as the arithmetic mean of two integrals along contours that pass the pole to 
the left or to the right. This implies 
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TG = 5(An(2) LANEN (4.161) 


According to (4.158) the principal-part propagator has a simple connection 
with the Pauli—Jordan function: 


Keys 5 ¢(¢0) AG (4.162) 
A connection to the Feynman propagator is given through 

TMCS NG ; Ae). (4.163) 
A further useful connection between the commutation and propagation func- 
tions is 

A(z) = Ap(x) — Ap(z) . (4.164) 


All the A functions can be expressed in terms of two independent “basic” 
functions (since the integrand in the Fourier integral has two poles). A rea- 
sonable choice for these basic functions is A(x) and A;(z). The last column 
of Table 4.1 on page 109 shows how the other A functions can be obtained. 


Obviously all the propagation functions contain a product of the func- 
tion A(x) with a unit step function in time [O(z0) or 4(xo)]. It is this step 
function that gives rise to the delta function when the Klein—Gordon opera- 
tor is applied. For example the Klein-Gordon operator acts on the Feynman 
propagator as follows: 


(0+ m?)Ap(x) =(A +m?) 5 (€(20) A(z) + Ai(z)) (4.165) 
= (68 -V* +m’) ¢(to) A(x) 
= (05(2)) A(x) + 26(xo) (Ao A(z)) + 5¢(t0)(0 fea VANGR) 


The last contribution vanishes since A,(x) and A(z) solve the homoneneous 
Klein—Gordon equation. The first term containing the derivative of the delta 
function is equivalent to —6(xo) (Oo) A(x)). This is true since this expression 
has to be viewed as a distribution. Thus it makes sense only when it gets 
multiplied by a (sufficiently smooth) test function f(xo) and integrated over 
xo. Then an integration by parts leads to 


[2 (806(xo)) A(x) f (to) 
= [ato 8(0)(50A(e)) f - [+0 6(¢0)A(e) (01) 


= —H A(z), <0 = A(0, x) on) ee 
= SUNG) ae! ’ ace) 


since A(0,x) = 0 according to (4.104). The second boundary condition (see 
(4.105)), 9 A(x) |2o-0 = —63 (a), can be applied and (4.165) becomes 
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(0 + m?) Ap(a) = —64(2) , (4.167) 
as expected. 

The functions A(x) and A;(x), and as a consequence the whole family of 
A functions, are expressed in terms of Fourier integrals that can be solved in 
closed form. Unfortunately the resulting expressions in coordinate space are 
quite unwieldy and are not very suitable for practical calculations. Usually 
it is much more convenient to work in momentum space. Nevertheless let us 
quote the resulting functions in coordinate space:!® 


1 


AG) = 5 €(x0) 6(a?) + FFs tl 70) O(2) da (mv a?) , (4.168a) 
VAN Go) Fs OPIN (mvV‘x?) ap ya Ot) Ky (mv —2?) . 


(4.168b) 


These expressions contain the Bessel function J;, the Neumann function N1, 
and the MacDonald function K; (which is a Hankel function of an imaginary 
argument), all of first order. For large values of the argument z the functions 
J,(z) and Nj(z) are oscillatory, whereas K,(z) falls off exponentially. From 
(4.168) we learn that the Pauli-Jordan function A(x) vanishes identically 
for space-like separations (x? < 0). In Sect. 4.4 this property was found to 
guarantee the condition of microcausality. In contrast to this, the function 
Aj(z) and thus also the Feynman propagator Ar(x) extend into the space- 
like region, dropping off on the scale of the Compton wavelength 1/m. 

All the A functions show singular behavior on the light cone. Taking into 
account the singularities of the Bessel functions at argument zero, we find the 
functional dependence in the vicinity of the light cone: 


1 m? 
AN Viele ae €(29) 6(x?) + = €(t9) O(a’) , (4.169a) 
il m2? m/\x? 


Four different types of singularities are seen to arise at the light cone: 6(2?), 
O(a”), 1/27, and In|z?}. 


16 See the volume Quantum Electrodynamics (Springer, Berlin, Heidelberg, 1994) 
and also N.N. Bogoliubov, D.V. Shirkov, Introduction to the Theory of Quantized 
Fields, (Wiley, New York 1980), Chap. 16. 
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5.1 Introduction 


Having treated the quantization of the Klein—Gordon field, we now turn to the 
study of particles with spin ;, which are described by the Dirac equation. We 
will assume that readers have some familiarity with this equation and refer 
them to the volume Relativistic Quantum Mechanics in this series of books for 
details. As in the previous chapters we will again start by considering the Dirac 
wave function y(a, t) as a “classical” field and derive the corresponding wave 
equation from a Lagrange function. Subsequently this field will be subjected 
to canonical quantization. 

With the covariant relativistic notation, the Dirac equation for massive 
spin-+ particles reads (A = c = 1) 


(iy"d, —m) p =0 (5.1) 
where the four Dirac matrices 7“, 4 = 0,...,3, satisfy the algebra 
poy ye = 2g (5.2) 


The wave function 7 has four components and satisfies the the transformation 
laws of a relativistic spinor. The dimension of the Dirac field is dim[y] = 
length~?/?, i.e., it has the natural dimension d = +3/2. 

What will be the Lagrangian that leads to (5.1) as an equation of mo- 
tion? The Lagrange density will be a bilinear function composed of the fields 
w, dv, Vw and the hermitean conjugate fields pt, apt, Vwi. It has to transform 
as a Lorentz scalar density and can contain only derivatives of first order 
since the Dirac equation itself is of first order. This strongly narrows down 
the choice of possible candidates for the Lagrange density. As a first attempt 
we choose the ansatz 


L= Pind, — mp =i) tipta Vp—my' py. (5.3) 


Here in the second step the matrices 6 = 7°, 6? =1, and a = 7°y were used 
and the adjoint spinor # = 717° was introduced. We will treat the spinors 
and 7! as independent fields, each having four components. Differentiation of 
L with respect to these fields and to their time and space derivatives gives 
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aL aL 

avy 7 PO OH = oe 
aL aL oe 
a —my'tB , apt iptia:- Vp~p—mBy. 


Of course these equations are to be interpreted as matrix equations. For ex- 
ample the last but one equation reads explicitely 


ove 
ES eS ie (5.5) 
OW, 
a 

Fortunately in most situations the spinor indices can be dropped without 
causing confusion. In general we will use this convention since it makes for a 
much more compact notation. Variation of the action with respect to w' leads 
to the Euler-Lagrange equation 


0 OL OL OL 


Bt agit Opt Y OCW et) oe 
which by use of (5.4) simply becomes 

ib tia- Vp —mBy =0. (5.7) 
Multiplying by y° = 8, we obtain the standard form of the Dirac equation 

(iy, — mb = 0, (5.8) 


as desired. Variation with respect to 7 using (5.4) leads to the differential 
equation 


ivt = —my'B-iVyta. (5.9) 
This can be identified as the hermitean conjugate of (5.7) 


Bi" O, +m) =0. (5.10) 


The arrow indicates that the partial derivative acts on the function to the 
left. 

As aside remark we note that the Lagrange density (5.3) and thus also the 
action W of the Dirac field happens to vanish, £ = 0, if we insert solutions of 
the Dirac equation for the wave function 7. This property has no particular 
consequence, however, since what matters is not the numerical value of the 
action but rather its response to variations. 

To proceed further we need the canonically conjugate fields ty and 7 y+. 
As in the case of the Schrédinger field in Chap. 3 these turn out to dependent 
quantities. We find 

1, ee ; Re ee 

Oy Oyt 
Thus there are two independent degrees of freedom of the Dirac field, which 
are given by 7) and yl. 


(5.11) 
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As usual the Hamilton density is obtained through the Legendre transfor- 
mation 


H = mydt ay bt —£= ith —inth —iwta- Vb + mut Bu 
yl (-ia- V+ Bm)v. (5.12) 
The Hamiltonian is thus given by the expectation value of Dirac’s differential 
operator Hp =a-p+ Bm: 
Be | d'a, o' (a, t)(-ia -V + Bm)¥(a,t) . (5.13) 


Finally let us derive the conserved quantities that follow from Noether’s the- 
orem. The canonical energy-momentum tensor O,, reads 


OL OL 
a i 
Ow = Bag OP + alam OM ~ tel 
= win — Guv wiy” Ch, am m)w ’ (5.14) 
which leads to the conserved four-momentum vector 
P= ji d°z Oop = [es (Fird0 — gov diy’ Oo — m)) ; (5.15) 


The time component of this vector is the energy 
1% = [#220(i0d - n° -iy- V +m) 


= [ez vi (-ia- V+ Bm). (5.16) 


As expected this is just the Hamiltonian H of (5.13). The spatial momentum 
vector reads 


P=-i |e wiVy. (5.17) 


The transformation law of Dirac spinors under infinitesimal Lorentz transfor- 
mations is given by (see Relativistic Quantum Mechanics, Chap. 3) 


B"(a!) = U(x) — Low,p,0" Hla) , (5.18) 
where 

ee ee oe (5.19) 
Comparing this with (2.64) we read off the infinitesimal generators 

CP es = oN aa (5.20) 
where pt, v = 0,...,3 are Lorentz indices and a, 6 = 1,..., 4 are Dirac indices. 
In particular we find 

ns i (9 — 74°) = ict aah (5.21a) 

ae (5.21b) 


The generalized angular-momentum tensor (2.70) of the Dirac field has the 
form 
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M,, = Lyrv+5vr, (5.22a) 
Joep = foe (Oorxy — Oovtx) 5 (522215) 
OL 
= 3 ee ent 
cee = fe ay alam)” = oy fe rw Tyr W 5 (5.22) 
The three-dimensional vectors of orbital and spin angular momentum are 
(De ee «i fatevte x Vv, (5.23a) 
S = 3 [tov Uw. (5.23b) 


In the standard representation of the Dirac matrices, © is the “double” Pauli 
matrix 


ee ae (5.24) 


The Lagrange density (5.3) is invariant under global phase transformations 
wy > weX and vi = wt eX, This implies, according to (2.83), the existence 
of a conserved current-density vector j,,(x, t): 


OL OL = 
= ee : 5.25 
We have included the electrical elementary charge e as a factor in the definition 
of j,, since expression (5.25) is just the electrical current density of the Dirac 
field. The resulting conserved quantity is the total charge 


Oe ome e fats HA (5.26) 


The constancy of Q is seen to coincide with the conservation of the norm of 
the Dirac field. 

Our ansatz for the Lagrangian of the Dirac fields looks very natural and 
so far has lead to reasonable results. The expression (5.3) has one annoying 
feature, however. It is easy to show that £ is not a real number since 


* Tf: = & mg 
iL = i [b(iy" On —m)y]' = at (-iy"t On —m)y"y 
. = afk . — 
= pl (-in?y7° dn —m) Yo = o(-i7* On, —m)b, — (5.27) 
where the properties of the y matrices y°t = 7° and 7°y#17° = y# have been 
used. The expression (5.27) in general will not agree with (5.3), £* # L. This 


deficiency, however, can be cured quite easily by defining the real Lagrange 
density (which will become a hermitean operator after quantization) as 


A Sale me Le at = 
Uy fon =m) wv + Lo (-iy On =m) 
=e = 
= Spiy" ye ESTAS (5.28) 
This symmetrized Lagrange density essentially leads to the same equations 


of motion and to the same conserved quantities as the simpler ansatz (5.3). 
This is studied in Exercise 5.1. 
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5.1 The Symmetrized Dirac Lagrange Density 


Problem. Show that the symmetrized Lagrange density (5.28) leads to the 
same equations of motion and the same conservation laws as the unsym- 
metrized expression (5.3). 


Solution. It is easy to verify that (5.28) produces the familiar Dirac equation. 
This can be seen even without performing the explicit calculation since £’ and 
£ are identical up to a four-divergence: 


L=L+6l= C4 5 (=i) 3" (Gay) (1) 


The additional term 6£ only leads to a surface term in the action integral and 
thus does not show up in the Euler-Lagrange equation. 

To compute the conserved quantities the canonically conjugate fields are 
needed: 


OL i 


ig a! =? and ieee! = UL (2) 
The energy-momentum tensor then becomes 
Oy, = Trapt wp — gor L 
i md Wee a 
= 50t 3, 0 —go(sdr" 3, ¥— mop) . (3) 


The difference between 04, and the original result Qo, given in (5.14) is 
i i = 
6Oou = Coy ms Car = 5% (bt) 25 5 I0v Pp (byw) ‘ (4) 
This implies that there is no difference in the field energy 


Py = [ex Oo0= fare [—o0(v'v) + 50(0r"v) +59 - ¥)| 


= 5 [ev (tay) =o. (5) 


In the same way the space components (n = 1,2,3) of the momentum differ 
only by a vanishing surface term 


OP = -= [#20, (vip) =0. (6) 
The generalized angular-momentum tensor becomes 

My = Liy + Soa (7) 
where 


! 
vr 


[as (Chin = O6,fr) 


Lyx + fee (do, 2v = 5Oovt ) = tel (8) 
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Exercise 5.1 


The difference in the spatial orbital angular-momentum tensor (v = n, = /) 
again vanishes: 


blu = fea [-5a(vrWen + 5on(v'¥)a| 
= fete [-Fa1(vlven) + ~0'V ain + 52a (vtvan) + 5¥TY ot 
= 0. (9) 
The mixed space-time components, however, do not vanish: 
6 Lor = [oe (60120 = 5OQoo21) — -; [ere EB (pip) ZO ap OK (by*p) m1] 
= [ee B (bya) - Bod oni] = 5 [ez ony #0. (10) 


To compute the spin contribution S’, in (7), the hermitean conjugate of (5.18) 
is needed: 


yi(al) = ota) + 5Aumryt (VIL, , (11) 


which according to (5.20) leads to 
st 
r= | Pa (hap t+ oly) = 7 | Pe (porv+ploy,m). (12) 
The space components satisfy 


i ii i 
oh, me 5 (rm ac 17n)| 7 eins ae oy) ae ee), 
which implies 


1 
on = 3 [ee won = Ser RE (14) 


The mixed components, on the other hand, vanish identically since 


i if 
oh, = [5 (rom = w0)] = —9ol (15) 
and thus 
Sol = So + 6S, = 0. (16) 


Therefore the differences in the orbital and spin angular momentum are found 
to cancel each other: 


i = 1 
6Mo = 6Loa + 6So1 = 5 [ez vy — 3 fo Wigony =0. (17) 
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5.2 Canonical Quantization of the Dirac Field 


Quantization of the Dirac field is achieved by replacing the spinors o(z, t) 
and wi(a,t) by field operators 7(a,t) and 7t (x,t). At this stage a decision 
has to be made whether to use commutation or anticommutation rules. Of 
course we already know the answer, since electrons, which are described by the 
Dirac equation, are found empirically to satisfy the Pauli exlusion principle. 
Therefore we will follow the “correct” path and use the quantization rules of 
Jordan and Wigner. The deeper reason for this choice will become clear later. 

Using (5.11) we postulate that the Dirac field operators satisfy the equal- 
time anticommutation rules 


{va (x, t), bh (a',t)} = bap 6(a — 2’) , (5.29a) 
{ba(x,t),e(a',t)} = OL enou(e a) — 07 (5.29b) 


This choice guarantees that the particles (field quanta) are governed by Fermi— 
Dirac statistics. The alternate choice of Bose-Einstein statistics (minus-sign 
commutators) contradicts the empirical observation that spin-3 particles sat- 
isfy the Pauli principle. At the end of Sect. 5.3 we will see that this wrong 
choice of quantization would also lead to internal inconsistencies of the theory. 
Heisenberg’s equation of motion for the field operator (a, t) reads 


=I [b(a, t), A] 
= i 3x’ [Bla t), pt(a' tha. V'd(a',t) 

+im ft (a',t)6d(a',t)] . (5.30) 
The commutators required in this expression can be rewritten by using the 
identity 

(A, BC] = {A, BJO — BLA, C} (5.31) 

in such a way that the anticommutation rules (5.29) can be applied. To avoid 
confusion for the time being the spinor indices will be written out explicitly: 


A 


p(x, t) 


A 


y,(z,t) = - fer ({do(a,t), Bh(a', t)} Aap: V' wha(a"', t) 
ig pi (a', t) AaB Vv! {ho(a, t), bea’, t)} 
an im{ do (z,t), pi (a', ot Bag Vala’, t) 
— im Bh (@',t) Baa {Ho(a,t), ba(a',1)}) 
7 a [ove (a5*(« — 2') dap + V' ve(2",t) 
+im bya63(@ — £') Bap bala", t)) 


oe je ve im) 79 ¥6(2,t) : (5.32) 


The quantized field operator is thus found to satisfy the free Dirac equation 
(5.7) 
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“a 


a =(-ia:-V+m)y. (e338) 


5.3 Plane-Wave Expansion of the Field Operator 


The field operator p(x, t) will now be expanded in a complete set of “classi- 
cal” wave functions. For this purpose the plane-wave solutions of the Dirac 
equation are a natural choice (for details see the volume Relativistic Quantum 
Mechanics). They are given by' 


— m —ié,(w,pt—p-£ 
VP (st) = (2m) 91? J wep) ere?) (5.34) 
P 


The index r enumerates the four independent solutions. r = 1,2 denotes the 
solutions with positive energy E = tw, = +\/p?+m? and r = 3,4 those 
with negative energy E = —wp = —/p? + m*. This is expressed by the sign 
function e, = +1 for r = 1,2 and e, = —1 for r = 3,4. The plane waves (5.34) 
satisfy the Dirac equation 


(i7“8, — m) pO (x,t) =0. (5.35) 
As a consequence the Dirac unit spinors w,(p) satisfy the algebraic equation 
(7"Du — erm) w,(p) =0. (5.36) 
The Dirac unit spinors possess the following orthogonality and completeness 
properties: 
wh, (€~p) wr (erp ) = -2 Daal (5.37a) 
Wr(p)wr(p) = €rbrrr, (5.37b) 
: Ww 
S- WralErP ) wh (erp ) = = bap ) (5.37c) 
r=) 
4 
Ser Wra(p)Wra(p) = Sap - (5.37d) 
r=1 


Note the negative sign of the momentum for the solutions of the negative 
continuum (r = 3,4) in (5.37a) and (5.37c). 

Equation (5.37a) guarantees that the plane waves (5.34) have the correct 
“normalization to delta functions” : 


| Ba wo (x) yo (a) 


il m2 : : 
s 3 = ( rWp—€,7Wr )t +ilerp—e,s Nes 
= ic x (on) vet ev ilere, Wy) e i(erp—e,/p')-@ wi, (p')w, (p) 


m : 
a Heron eon) 65 (ep — en p') wh (Pwr (P) 
P 
1 As in the case of the Klein—Gordon field (cf. the footnote on page 77) one often 
uses an alternative normalization factor (27)~°(m/wy)7'/?. This introduces an 


fr cd factor of (27)?(w,/m) at the r-h.s. of the anticommutation rules (5.45) 
or (5.61). 
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= TM ai(erwp—e pr wp t 63( 
Wp 
= 6-1 6° (p — p') (5.38) 
where €2 = +1 was used. Equation (5.38) is valid for all time arguments ¢. 
The plane-wave expansion of the field operator now reads 


p' = €r€y' Dp ) wh, (€,€p/p )Wy (p) 


A 


fe) = 3 ah ap, rb) (a, t) 


= v/a on ann f=? Gyn) ep em (5.39) 


For the hermitean conjugate field operator we have 


4 
Han =D he at (p,r) bl (a, t) 


2 Jie On) cE (ma Eliya) u(y yar eee (5.40) 


Now the anticommutation rules for the creation and annihilation operators 
a(p,r) and 4! (p,r) have to be derived. To find them we invert the expansion 
(5.39) by projecting on a plane wave, using (5.38): 


» [eta ap'.r') ferug(@,uh a0 
> fer G(p',r')brr6°(p — p') 


a(p,r) (5.41) 


3 . A 
atin) = | aoe | mer tule) 8.9. (5.42) 


Similarly the hermitean conjugate operator becomes 


tiga = [erieoPen 


II 


[erenies 


or 


d?a - a 
=| ATER PN ACO (5.43) 


21)3/2 V wy 
From these results the anticommutation rules can be computed, using (5.29): 
{ap.r), apr} = fareate’ yt @,n¥f2e'.d 
x {ba(z, t), pi (a',t)} 
SS 


=64g63(z—2') 


= feces. (5.44) 
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Fig. 5.1. The spectrum 
of the free Dirac equation. 
According to Dirac’s hole 
picture all states of the 
lower continuum are filled 
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Since the plane waves are orthogonal, see (5.38), the creation and annihilation 
operators are seen to satisfy the anticommutation relations 


{a(p,r), 4" (p',r')} = O° (p — p') bre (5.45) 
Similarly the remaining anticommutation relations can be deduced: 
{a(p,r), @(p',r')} = {a"(p, 7), a'(p',r')} = 0. (5.46) 


This result is not surprising. The same relations were also obtained for the 
“expansion coefficients” a, at of the Klein—Gordon field, except for the sign 
of the commutator, of course. 

Now the Hamilton operator of the quantized Dirac theory will be derived. 
We start from the quantized version of (5.13) 


H= [@ardt(a,t) (-ia- V + Bm) $(2,t) (5.47) 
and insert the expansion (5.39) and (5.40) of the field operator: 
f=) [20 fae Al eee. r) fave WE (mia V + Bm) Wl). (5.48) 
Since the plane waves obey the Dirac equation (5.35), 


(—ia- V + Bm) p(x) = op” (x) = epwp bf (2) , (5.49) 


and the orthogonality relation (5.38) can be used the Hamilton operator reads 


a 


= SS fav [ae al (p',r')a(p,r) €rwp [ee vo (a) po? ay. 
4 
= > fer cmp at p,r)a(p.r) (5.50) 
T= 
Separating the contributions of positive and negative frequency this becomes 
2 4 
H= |d°p ~ Wp al (p,r)a(p,r) — Ss Wp al (p, r)a(p, ")) (So) 
r=1 r=3 


If one introduces the particle-number operator related to the state vy? as 
fo — a (DP alpyT) (5.52) 


the Hamiltonian (5.51) appears to be useless: as the number of particles in 
the “lower continuum” (r = 3,4) grows, the expectation value of yaa , 1.e., the 
total energy of the system, can drop to negative values beyond any bound. 

To circumvent this inacceptable conclusion Dirac’s hole picture comes to 
the rescue. According to this concept in the vacuum state all the levels of 
the lower continuum (energy E < —m) are occupied by particles, as depicted 
in Fig. 5.1. These particles, which fill up the “Dirac sea”, are always present 
and are distributed homogeneously (in the absence of electromagnetic fields) 
all over space. Therefore they cannot be observed in any experiment. Their 
energy and charge can be removed by a simple subtraction. 
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It is convenient to perform this step using the box normalization for the 
wave functions. The integral over the momentum variable then becomes a 
sum over a discrete lattice of momentum values p = p, where | is a counting 
index. The anticommutation relations (5.45) and (5.46) assume the form 


(ADAM) yr (5.53a) 
cane = (nilae aa hee. (5.53) 


The nonobservable vacuum energy is given by the sum over all energy eigen- 
values in the lower continuum 


a SL > gag) (5.54) 


pers 


which obviously is a divergent quantity. We have already had to deal with a 
similar problem when quantizing the Klein—Gordon field. There we encoun- 
tered the ate point energy of the field, each oscillator mode contributing an 
amount of Sw, to the energy of the vacuum (cf. (4.41)). Again we resort to a 
Biptaction procedure and define the modified Hamiltonian 


H' = H-E 


rests a(p,r "Ent (1-at(p,r)a a 
DL (Ss Wpfipr + = on . (5.55) 
Pl ra r=3 


In the second term the number operator for holes in the state Cr) ¢=3, 4, 
was introduced. According to (5.53a) this operator satisfies 


fel (per apr) — a(n nap). (5.56) 


Hl’ is a well-defined positive-definite Hamiltonian. This mathematical con- 
struction is endowed with physical meaning if the holes are interpreted as 
antiparticles, for example as positrons. The physical vacuum is defined to be 
the state which contains neither particles nor antiparticles: 


(0) 0 for pee. (Gara) 

fips |) =O for peta. (5.57b) 
Expressed in terms of the operators @ and 4! this implies 

a(p,r)|0) = 0 for r=1,2, (5.58a) 

al (p,r)|0) —() for t= 3,4 . (5.58b) 


Thus @(p,r) will be called the annihilation operator for particles (r = 1,2) 
and 4!(p,r) is the annihilation operator for antiparticles (r = 3,4). Similarly 
a'(p,r), r = 1,2, and G(p,r), r = 3,4, are to be interpreted as creation 
operators for particles or antiparticles, respectively. The double role played 


We 
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by the operators @ and a! is a bit confusing. Therefore it is customary to 
introduce separate notations for the particle and the hole operators. We take 
this opportunity also to change the notation for the wave functions. The names 
u(p, 8) and v(p, s) will be introduced for the unit Dirac spinors of the upper 
and lower continuum. They are related to the spinors w,(p) as follows:? 


wi(p) = u(p,+s) , 
wo(p) = ul(p,—s), 
w3(p) = v(p,—s); 
Walp) =  U(p, 5). (5:09) 


Note the inverted sign of the spin in the case of the antiparticle solutions. 
Fitting to the spinors (5.59), the following new operators are introduced: 


b(p,+s) = a(p,1), 
b(p,-s) = A(p,2) , 
d'(p,-s) = (p,3), 
d'(p,+s) = 4G(p,4). (5.60) 


The solutions of the upper continuum are thus simply renamed @ — b. For 
the antiparticle solutions the direction of the spin is inverted, as suggested 
by the definition of the spionors (5.59) and at the same time the operator is 
replaced by the hermitean conjugate: @ > dt. 

It is interesting to note that the transformation (5.60) does not change the 
form of the anticommutation relations (i.e., it is a canonical transformation) 
since @ and Gl! are treated on an equal footing. Expressed in terms of the new 
operators, the anticommutation relations read 


{i(p,s), Bt’, s')} = S(p—p') bss , (5.61a) 
{d(p,s),d'(p',s')} = 8(p—p') bse , (5.61b) 


whereas the anticommutators involving the remaining eight combinations of 
operators b, bt, d,d! vanish. 

In the new language the field operator is expanded as (reverting to con- 
tinuum normalization again) 


. 3 = 7p. ; 
ie.) =D [eae [= (He. )uo. Ne" +a, 30,9) ”*) 
(5.62) 


For practical calculations the following explicit form of the unit spinor can be 
useful: 


ulp,s) = pa dk LUA S$ 
(Pp, 8) Fa OReerS) (Cae (5.63a) 


2 s denotes the covariantly generalized spin vector. The identification (5.59) as- 
sumes that the spin is oriented in the direction of the z axis, s = uz = (0,0,0, 1), 
which usually is taken as the quantization axis for the solutions w,(p). The use 
of u(p,s) and v(p, s) allows for an arbitrary orientation of the spin, however. See 
also Exercise 5.4. 
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Sia the 
v(p,s) = tt _ 16,5), (5.63) 
/ 2m(wp, + m) 
using the “slash notation” y = p’y,. u(0,s) and v(0,s) are the unit spinors 
in the particle rest frame with p = (m, 0) which have only upper or only lower 
components. Equation (5.63) can be derived using the Lorentz boost operator 


(cf. Chap. 3 in Relativistic Quantum Mechanics). The unit spinors satisfy the 
following versions of the free Dirac equation: 


(g—m)u(p,s)=0 , (p+m)v(p,s)=0 , (5.64a) 
and also 
a(p,s)\(y—m)=0 , t(¥+m)=0. (5.64b) 
The Hamiltonian is found to read 
A! = H— Ey => [ap wp(64@,)6(0,5) + d(p,s)d,s)) . (6.68) 
Equations (5.65) and (5.61) imply the following interpretation of the new 
operators 
bt =: creator of a particle , 
b  : annihilator of a particle , 
d‘ : creator of an antiparticle , 
d : annihilator of an antiparticle . 


Using these operators the Fock space can be constructed, starting from the 
vacuum state |0) defined by (cf. (5.58)) 


b(p,s)|(0)=0 , d(p,s)[o)=0. (5.66) 


Repeated application of the creation operators bt (p, s) and dt (p,s) to the 
vacuum |0) allows the construction of states containing an arbitrary number 
of particles and antiparticles. According to Sect. 3.3 these states automatically 
respect the Pauli exclusion principle. 

An important lesson can be learned from the above procedure: it is not 
admissible to quantize the Dirac field using Bose-Einstein statistics. We could 
have attempted to use minus commutators instead of (5.29). This would have 
worked quite well, eventually leading to the same form of the Hamiltonian 


B=) [ap up(6'@,8)6(0.5) - d0,5)4'(p,5)) . (5.67) 


At this point, however, we are stuck. Using bosonic quantization the operators 
d, d‘ satisfy the commutation relations 


[dt (Dp, s), d(p', s’)| = 6° (p an Dp) bss! : (5.68) 


Therefore reordering of the operators can not be invoked to invert the sign of 
the second term in (5.67): 


H'= Se [ee Wp (i, s)b(p, 8) — di (p, s)d(p, s)) + const . (5.69) 


The Hamiltonian of the Dirac field thus cannot be made a positive-definite 
operator if the “wrong” (ie., bosonic) quantization prescription is employed. 
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By adding more and more antiparticles the system could attain an arbitrar- 
ily large negative energy which obviously is unphysical and would lead to a 
collapse (as soon as interactions are taken into account). Dirac’s concept of 
a fully occupied lower continuum (which finds its mathematical expression 
in (5.60), (5.66)) obviously can only work for particles that satisfy the Pauli 
principle. 

The condition of positive energies thus has been used to derive another 
special case of the spin-statistics theorem (spin = 5 — Fermi-—Dirac statis- 
tics). The corresponding argument for the Klein-Gordon field (spin = 0 > 
Bose-Einstein statistics) is based on the principle of microcausality. As shown 
in Exercise 5.5 the latter reasoning does not work for the Dirac field. 

For completeness let us check the quantum numbers of the many-body 
states that make up the Fock space of the Dirac field. The charge operator 
according to (5.26) reads 


Q=e [ecP@ie (5.70) 


Insertion of the expansion (5.62) and the corresponding expression for the 
hermitean conjugate field operator leads to 


ie d3p' dp m2 
= d3 eater =—— 
Q ef x LD lea laa WpWp! 


x (it (p’, s')ut (p’, 3') eip' = aL d(p', s')ut (n', s') ents) 


i (60, s)u(p, s)e?* + d'(p, s)v(p, 8) ene 
Mm [+ 4 
7 ed ferret. s')b(p, 8) u!(p, s')u(p, 8) 
s,s! P 


+ d(p, s')d* (p, 8) v' (p, s’)v(p, 8) 
+ bt (—p, s')dt(p, s) ut(—p, s')u(p, s) e?#P" 
=F d(—p, s')b(p, s) vu! (=p, s')u(p, s) evr) ‘ (5.71) 


The spinors u and v satisfy the following orthogonality relation (cf. (5.37a)) 


Ww 
ul(p,s')u(p,s) = v!(p,s')v(p, s) = pare, (5.72a) 
ut(—p,s')v(p,s) = v'(—p,s')u(p,s) =0. (5.72b) 
This can be used to simplify the charge operator as follows 
Q= ep [ev (i, s)b(p, s) + d(p, s)d' (p, s)) (5273) 


In order to express Q in terms of the number operators ft(p, s) the operators 
d(p,s) and d'(p, s) have to be interchanged in the second term. The anticom- 
mutator (5.61b) obviously introduces the charge of the particles in the Dirac 
sea. The total charge of the Dirac vacuum is a constant (although divergent) 
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number Qo which is not observable. The physical charge operator then is 
obtained by subtracting this vacuum charge from (5.73): 


O = Ch =2)y |® (5t(p, 5)b(p, s) — dt (p, s)d(p, s)) (5.74) 


As expected the particles and antiparticles carry opposite charges +e and —e. 

The momentum operator of the quantum field consists of contributions 
from particles and antiparticles with equal sign. According to (5.17) the op- 
erator reads 


Pas [ord @vi@ | (5.75) 


As demonstrated in Exercise 5.3 the plane-wave expansion of the field operator 
leads to 


Je ys [ep (it (, 5)6(@, 5) — d(p, s)d¥(p, s)) 


Y [e°rp (80,5)60,5) +, 5)d0,5)) , (5.76) 


where the minus sign results from differentiating the plane wave exp (+ip- 2). 
The change of operator ordering in the last line makes no contribution since 
the integral {d°p p has to vanish from symmetry arguments. In contrast to 
the case of energy and charge the isotropy of space guarantees that there can 
be no “momentum of the vacuum” Pp which would have to be subtracted. 

Finally, in analogy to (5.65), (5.74), and (5.76) also the angular-momentum 
operator can be expanded with respect to particle number. As in the case of 
the Klein—Gordon theory (cf. (4.53)) the Dirac plane waves do not carry well- 
defined angular momentum, which is reflected in the nondiagonal form of the 
angular-momentum operator. However, a simple result is obtained for helicity 
states where the quantisation axis is directed along the momentum vector. In 
this case the spin operator becomes (see Exercise 5.4) 


a 1/s- a a A 
8, = 5(i(p,+s)b(p, +s) — Bp, -s)6(p, -s) 


+ dt (p,+s)d(p, +s) — dt(p, -s)d(p, -s)) (5.77) 


This very nicely splits into contributions from particles and antiparticles, each 
carrying spin projections +4 and —t. This result serves to justify the redef- 
inition of the spin direction for solutions with negative energy, which was 
carried out in (5.60): a missing particle in the lower continuum having spin 
up corresponds to an antiparticle with spin down and vice versa. 

When deriving the operators for the energy H and charge Q of the Dirac 
field we have encountered the ubiquitous problem of nonvanishing (and, in- 
deed, divergent) vacuum contributions. Arguing that these quantities are not 
observable we introduced “physical” operators by subtracting the energy and 
charge of the vacuum, Eo and Qo, which were constant numbers. From a 
mathematical point of view this is a rather objectionable procedure since it 
involves the handling of divergent expressions. The same effect can be achieved 
in a formally more appealing way by postulating the prescription of normal 
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Ea 


ordering. As in the case of the scalar field (cf. (4.15)) the field operator gets 
split into two parts involving positive and negative frequencies: 


pa, t) = b(a, t) + vO (a, t) . (5.78) 


The explicit form of these contributions, assuming an expansion into plane 
waves, is given in (5.62). An important property is the action on the vacuum 
state according to (5.66): 


be, t)|0)=0 , pt(w,t) 0) =0. (5.79) 


Normal ordering now means that all contributions involving positive fre- 
quency (i.e., annihilation operators) are moved to the right. Because of the 
anticommuting character of the Dirac field each reordering step goes along 


with a change of sign. For example the normal product of #,, and oe reads 


If the products of field operators are taken according to the prescription of nor- 
mal ordering all vacuum contributions vanish because of the property (aa7oK 
The “physical” operators for energy and charge then read 


Aa 


m= [acc ri¥ (ie v + Am)it, (5.81) 


— e fererit ds, (5.82) 


which agrees with (5.65) and (5.74). 


5.4 The Feynman Propagator for Dirac Fields 


In Sect. 4.5 we have introduced the Feynman propagator Ap of the Klein— 
Gordon field. An analogous construction is possible also for spin- fields. The 
Feynman propagator will be defined as the vacuum expectation value of the 
time-ordered product of field operators taken at different points in space-time: 


iSpaa(@ — y) = (0|T (ba(x)Bq(y)) 0) - (5.83) 


The minus sign accounts for the fermionic (anticommuting) character of the 
field operator? 


ralegto) =| et ae hugs oa (5.84) 


Thus (5.83) becomes 


3 Tf we left out this minus sign the time ordered product would not have a Lorentz- 
invariant meaning. If the points x and y are separated by a space-like distance 
then the time ordering of zo and yo can be reversed by going to a different inertial 
frame. The operators a(x) and Vp (y) are known to anticommute for space-like 
separations (cf. Exercise 5.5). Thus, by including a minus sign in its definition 


(5.84), the value of the time-ordered product is not affected by such a Lorentz 
transformation. 
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a 


iSpap(t@—y) =  O(20 — yo) (O\Ha(x) =a y)|0) 
— O(yo — 20 )(0|v(y) (y)Ya(x)|0) . (5.85) 
Insertion of the Fourier decomposition (5.62) of the Dirac field operator (za, t) 


gives 


Speers 
iSras(t—y) = i a ez (O(c — yo)e? =-#) 5“ ualp, s)ta(p, 5) 


s 


—O(yo —ao)eT PE) 5 va (p, 8)Ba(p, s)) , (5.86) 


where the anticommutation relations (5.61) and the definition of the vacuum 
state (5.66) were used. The spin summations lead to the projection operator 
(see Relativistic Quantum Mechanics Chap. 7.) 


S— ua(p, s)tia(p, 8) = (*) 2 val (p, s)ta(p, s) = (ae ee 


2m 
(5.87) 


which implies 


3 
ce = le a (0(20 — ye? CY + map 
—O(yo — to) et? 9) (gf — m)ap) 


= (20 — yo) (iV + m)apA™ (x — y) 
—O(yo — to)(IV+ m)apAM (x — 9). (5.88) 
The functions A‘) and A‘-) have been introduced in Sect. 4.5. Obviously 


the spin-5 propagator Spag can be obtained by applying the Dirac differential 
operator to the scalar Feynman propagator Ap, (4.133): 


Spos(x—-—y) = (iV+mM)ap [O20 = yo) AM (x =) 
= (yo — 20) A(x - y)| 
= (i¥+m)apAr(a— y). (5.89) 


Remark: It might appear that this argument is in error since the time deriva- 
tive contained in the differential operator also acts on the step functions in 
(5.89). The two additional terms that arise in this way, however, are found to 
cancel each other. They are given by 


7° 5(20 — yo) AW (a — y) — i7° (-4(a0 — yo)) AM (a — y) 
= iy° 6(20 — yo) (AM (a —y) + AN (ac - v)) 
= iy? 6(z0 — yo) A(z —y) = 0. (5.90) 


This is true since (4.104) tells us that the Pauli-Jordan function A(x — y) 
vanishes at Xo — yo = 0. 


The four-dimensional Fourier representation of (5.89) reads 
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ee 


4 
d'p e ip: (z—y) ce aul 
ie p? — m? + ie 


therefore the Feynman propagator in momentum space has the compact form 


Spap(% — y) = (5.91) 


I 


g—mtie- ae) 


SFep (p) = 


EXER ee 


5.2 The Symmetrized Current Operator 


Problem. Show that the normal-ordered current operator of the Dirac field 
also can be obtained by symmetrizing the product of field operators according 
to 


a > “| err a 
i, =etdyd? = 5 [ewe] - (1) 
Solution. We insert the plane-wave expansion (5.62) of the field operator 
w(x, t) into (1): 
ef A e a x a 
3 lb, 1.0 | = 5 uaa (dove ae vBWq) 


3 lan Gp’ f_d’p_ jf _m? 
(27) )3/2 (27)3/2 Wp Wp! 
x (aryir — bot) eil'-P) = 4 a'y,0(d'dt — did!) ei?'-?)2 


+a! y,0(b1dt — dtbt') b@'+")-* 4 o'y,u(d'b — bd’) ene nls) ©) 


For brevity the spin and momentum arguments have been omitted, b= b(p, Si 


b! = b(p’, s’), etc. Using the canonical anticommutation relations (5.45) and 
(5.46) Eq. (2) becomes 


e[> d?p! d?p m2 
5 [P10 | - |e B72) 2m) 212 Ver, 


x (a! ye pe EPS DY pv Gidea? =F) ae 


es a! y,v bt gt eile’ t+p)-2 4 D ypu d'be iP’ +P)-« + R,). (3) 


Here the creation operators stand to the left of the annihilation operators, 
i.e., the first four terms in (3) constitute the plane-wave expansion of the 


ee ordered current operator e: Dp: The remainder 
Ry = —Uypu 5 (p' = [Ee )dss! Sg VY pv 8 (p' —p jWelgee (4) 


can be shown to vanish if the spin summation is carried out as required in (3). 
Using the completeless relation (5.37d) of the unit spinors u and v we find 
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3 
=) pare ™ (ayy u = 07,0) 


ae e [oe Heep Ja Do (AalP s)ua(p, 8) — Ba(p, 8)va(p, s)) 
ies 


d?p m 
=-e is om 0% =. (3) 


since the gamma matrices are traceless. This proves that the two forms of the 
current operator are equivalent as claimed in (1). 


BX 


5.3 The Momentum Operator 


Problem. Derive the momentum operator P of the Dirac field, expressed in 
terms of plane-wave creation and annihilation operators. 


Solution. Insertion of the plane-wave expansion (5.62) into the expression 
for the momentum operator P yields 


A 


iB) =i ford! Vi) 


lS : 
-i fe + [ef 3/2 J (27) (2)3/2 Daler Wp es Wp! 


x (Bt(p, s)ul(p, )e?* + d(p, s)ol(p, s)e“"”*) 
ae, (b(0', s"u(r’, s')eiP-* — dt(p!,s!Ju(p',s')e”"*) (3) 


After carrying out the multiplication this becomes 


d>n ! 
8 
Be jk eae 3/2 loam De Tae Varane 


x ( bt (p, s)d(p', s')ul(p, s) u(p' Ss nee )-x 
— Bi(p,s)d (p', s'Jul(p, 8) u(p,s') let) * 
+ d(p, s)b(p',s!)o"(p, 8) u(y! s!) et 


i+ 


— d(p, s)dt(p', s")ot(p,s) v(p,s!)eH-P*) (2) 


The integration over d°z leads to delta functions that cancel the d°p! integra- 
tion and we are left with 


= fo D =P bt ( (p, 8 s)d(p, s‘)ul (p, s)u(p, ') 
oF bt (p, aicee s')u '(p, s)u (Sp, s') a 
a d(p, s)b(—p, 8 1 u'(p, s)u(—p, ED e7 2iwet 
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— dp, s)dt(p,s') 0" (p,s)v(p, 8')) - (3) 


(p, 
Use of the orthogonality relations (5.72) for the unit spinors u and v gives 
r- —_ 3 eee t( is 2) ji : op ’ 
P= fete OF? Heine) dose )) 2 6,, 
[ede (ve s)b(p, 8) + d"(p, s)d(p, s)) . (4) 


The commutator term does not contribute since it has the form f{d*pp which 
has to vanish owing to symmetry reasons (there is no preferred direction in 
space). 


EXERC |S es 


5.4 Helicity States 


Problem. Derive the operator for the projection of the spin of a particle 
projected onto the direction of motion. Use an expansion of the field operator 
with respect to helicity states (see Chap. 7 in Relativistic Quantum Mechanics 
for more details on helicity). 


Solution. The general construction of the unit spinors u(p, s) and v(p, s) used 
in the expansion (5.62) makes them eigenfunctions of the operator 754: 


y54¢ u(p, +s) aa sens (Dyes) ’ (1a) 
Y54 v(p, +s) = + u(p, £3) ’ (1b) 
Here s is an arbitrary space-like unit vector, s? = —1 being orthogonal to the 


four-momentum vector p, i.e., p-s = 0. This vector has an immediate physical 
interpretation in the rest frame of the particle. In this frame s = (0, s') only 
has space components and s’ defines the direction of spin. In general (p # 0), 
the spinors (1) are not eigenfunctions of the spin operator Y = y5y07y. Helicity 
eigenstates are an important special case. They are defined such that the spin 
vector in the rest frame points into the direction of the momentum, s’ = p/|p|. 
Application of a Lorentz boost that transforms into the system where the 
particle has momentum p turns s’ into a four-vector. The components of this 
spin vector are found to be 


a (2), (2) 


m ’ m\|p| 


This helicity vector satisfies the useful relation 


159 a ; (3) 
which is easily checked by using (y- p)? = —p?: 


1 
nape O12) 
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E 1 2 
2 
Dake) ae ; 
= Ip | 22s 
= 95 (70 = ym ala) = 15 (YoSo —7-3) 
= 5f- (4) 
The unit spinors u and v are eigenstates of #: 
(g—m)u(p,s)=0 , (p+m)o(p,s) =0. (5) 
Using (3) and (5) we find from (1) that 
Bo pl u(p,+s) = +u(p,+s), (6a) 
S- pees) = ss atl (6b) 


Note that this simple relation only applies to helicity states and will not be 
valid for arbitrary spin vectors s. The inverted sign in (6b) can be traced back 
to the redefinition (5.59). 

The operator of the spin projection in the direction of motion takes a simple 
form if it is expressed in terms of the helicity basis. We essentially can copy 
the computation that lead from (5.70) to (5.73) for the momentum operator: 


aa 5 [Sedl(a,t) Bie 


1 Mm (> x 
5D [er2 (e860, u'@,s)B- Pups) 
26,58" oP Ip | 


+ d(p, s')d'(p,s) o'(p, 8')B- pe” s) 
oo 
Jee (it (p, s)b(p, s) a bt (p, —s)b(p, =) 


— d(p, s)d' (p, s) AF d(p, —s)d' (p, -s)) : (7) 


Subtracting the fictitious “total spin of the Dirac sea”, we find that the oper- 
ator of the observable spin projection becomes 


$7 = ; fe (6 (p, 8)6(p, 8) + d(p, s)d(p, s) 
+ 5'(p, -s)b(p, -s) - d(p, -s)d(p,—s)) . (8) 


The operators bi (p, +s)b(p, +s) and d' (p, +s)d(p, +s) play the role of number 
operators for particles and antiparticles of positive (negative) helicity. The 
redefinition of the antiparticle spinors accounts for the fact that a missing 
particle of negative helicity corresponds to an antiparticle of positive helicity, 
and vice versa. 
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EXERC(S 


5.5 General Commutation Relations and Microcausality 


Problem. (a) Compute the anticommutators between free Dirac field oper- 


ators W(x) and 7(y) at arbitrary space-time points x and y. 

(b) Show that operators describing observable quantities satisfy the condition 
of microcausality, i.e., they commute for space-like distances. 

(c) What happens to microcausality if one attempts to use bosonic quantiza- 
tion rules for the Dirac field? 


Solution. (a) The anticommutator of the field operators w(x) and w(y) at 
arbitrary time arguments zp and yo, expressed in terms of the plane-wave 
expansion, 1s 


» = 2 d3p! dp m {m 
{pa(x), da(y)} = | ganz | Gaee a, py 
x {6(0',s")ualp!,s')e?"* + dp, s!)va(p,s')err™, 
it(p, s)iip(p, s) e+?¥ + dp, s)a(p,8)e"?¥}. (1) 


Only the anticommutators involving {, bt} and {dt , d} contribute: 
d?pn m 


{wa a) ’ daly) = fea — (wale, s)ia(p, s) e ip: (z-9) 


(27) Wp 
+ vq(p, 8) (p,s) et?» ) (2) 


Summation over the unit spinors produces the projection operators (5.87), 
which implies 
i de peal 
Gr)? 2a, 
x ((y + m)ag e iP) — (~f + m)ap etir(e-v)) 


d’p 1 ; 5 
; ey amin ea ie a) 
GV+ map | (On)! dw, (e e ) 


= (iV+m)agiA(z—y) =iSap(e—y). (3) 

A(x — y') denotes the Lorentz invariant Pauli-Jordan function introduced in 

Sect. 4.4. It vanishes outside the light cone, i.e., for space-like separations. 

The relation (3) contains the equal-time quantization condition as a special 
case, which can be seen by using (4.104), (4.106), and (4.107): 

{Ga(z),Ba(u)} = (-7°% - 78; +im),, A(z - »)| 


Zo=Yo 


{tba (x), be (y)} 


II 


Zo=yo 
= Vash (z-y)- (4) 


This coincides with (5.29a) after multiplication by 7°. The remaining anti- 
commutators are seen to vanish, 


5.4 The Feynman Propagator for Dirac Fields 


{da(e), ba(y)} = {¥a(x), Ba(y)} =0, (5) 


: . nee , ee 
since the “wrong” combinations of creation and annihilation operators are 
involved. 


(b) Observables are constructed as bilinear combinations of the field operator 


O(z) = $4 (x) Oaa(a)da(x) , (6) 


were Ogg(z) is a Dirac matrix consisting of c numbers (and, possibly, differen- 
tiation operas): As an example, take the Dirac current operator for which 
Os af = =e. op: The resulting commutator between two operators describing an 
observable quantity at two different points in space-time reads 


[O(2) , O(y)] = Ona(x)Oys5(y) (Dalz) ba(x) , By (y)bs(y)) . (7) 


Ome tientenimen (Abc) 214, 610 6 (A, 6) and (4, BC) = (4, B)0 
B{A,C}, we can write the commutator in (7) as 


sly 
tt), by(u) }Bs(u) — B,(v) {Ga(2), bs(y)}) 
.. -— by) {¥alz),ds)}) dala). (8) 


(5) this becomes 


[ba(aba(x), b,(2)bs(x)] = iSpy(x-y) ba(2)b5(y) 
| ~iSsa(y — 2) ¥,(y)ba(e) - (9) 


Since A(a—y) and consequently $.8(x—y) are known to vanish for space-like 
separations, the microcausality condition is guaranteed: 


[O(z) : O(y)] = 0 for (c —y)? <0. (10) 


(c) Contrary to the case of the eins Caustorn field (see Sect. 4.4), micro- 
causality cannot be used to rule out the “wrong” quantization prescription. If 
the calculation of part (a) is repeated a minus commutators one obtains 


[do(2) , Bal(y)] = lea ata |e (27) amy lee a oe 


4 (B0', s'), b'(p, s)] ua(p’, s')éa(p, 8) nip! -e+ip-y 
as [at Ce d(p, 8)] va(p', s')ia(p, §) etip’-e—ip-y 
+ mixed terms) ; (11) 
The bosonic quantization condition would read 
[a(p', s'), a'(p, s)] = O°(p — P') bss". (12) 


If we use the redefinition of operators according to (5.60) this becomes (com- 
pare (5.68)) 
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Exercise 5.5 [b(p', s'), b'(p, Q)\= [dt (p', s'), d(p, s) = &(p — p') bss" - (13) 


This implies that the relative sign of the terms in (11) remains unchanged 
and the commutator again reduces to (2). Thus we have found that when we 
use bosonic quantization, the commutator between fields, 


[Wa (x) ’ ¥a(y)] = i Sae(x a y) ’ (14) 
vanishes in the same way for space-like separations as did the anticommutator 
(3) when fermionic quantization was used. The derivation of the spin-statistics 
theorem for Dirac fields therefore can be only based on the positivity condition 
of the energy, as explained in Sect. 5.3. 
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6. Spin-1 Fields: 
The Maxwell and Proca Equations 


6.1 Introduction 


In field theory, particles of spin 1 are described as the quanta of vector fields. 
Such vector bosons play a central role as the mediators of interactions in 
particle physics. The important examples are the gauge fields of the electro- 
magnetic (massless photons), the weak (massive W+ and Z° bosons), and the 
strong (massless gluons) interactions. On a somewhat less fundamental level 
vector fields can also be used to describe spin-1 mesons, for example the p 
and the w meson. 

When treating vector fields one encounters a characteristic problem: the 
theory seems to be “overdetermined” , that is to say the vector field nominally 
has four degrees of freedom which is more than is required to describe a spin- 
1 particle. Here a distinction has to be made between massive and massless 
particles. In the former case there are three degrees of freedom, whereas in the 
massless case the number is further reduced to two degrees of freedom. We all 
know from electrodynamics that the photon comes in only two polarization 
states, both of of which are transverse. Massive vector fields allow for an 
additional longitudinal polarization state. The reduction of the degrees of 
freedom has to be taken into account through as a constraint when quantizing 
the theory. 

In the following sections we will first discuss the wave equations for the 
massless and the massive classical spin-1 fields, i.e., the Maxwell and the Proca 
equations. This will mainly serve to define the notation. Subsequently several 
approaches to the canonical quantization of these fields will be studied. Owing 
to its central importance, the quantization of the electromagnetic field will be 
treated separately in the next chapter. 


6.2 The Maxwell Equations 


The electromagnetic phenomena in vacuum can be described by two three- 
dimensional vector fields: the electric and magnetic field strength, F(a, t) and 
B(za,t). They satisfy the Maxwell equations 


NOE) By es (6.1a) 
V-B ON, (6.1b) 
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OE 
——— = } 6.1c 
VE 73 (6.1c) 
B 


Specifically, these are the laws of Gauss (6.1a) and Ampere (6.1c), Faraday’s 
law of induction (6.1d) and the condition of vanishing magnetic charge (6.1b). 
Note: we use the “rationalized” Lorentz—Heaviside system of units; in the 
Gaussian system additional factors of 42 would appear. Furthermore the speed 
of light was omitted, i.e., we set c= 1. 

It is well known that the set of equations (6.1) can be cast into a manifestly 
covariant form by introducing an antisymmetric tensor of rank 2, the field- 
strength tensor F¥” defined as 


0 =—#! -F£? —B#? 
FE} 0 = 8? ap? 
Ee Be 0 -—B 
Eo = Bae 0 
The dual field-strength tensor *F#” is obtained by contracting F¥” with the 
completely antisymmetric unit tensor (the Levi-Civita tensor) «#”?°: 


i 
*puy — = Sie ae = pry (E + B,B- -E) : (6.3) 


per — (6.2) 


The inhomogeneous and the homeogeneous Maxwell equations, (6.1a) and 
(6.1c) as well as (6.1b) and (6.1d), can be combined into 
nee Ee (6.4) 
CO hea eo (6.5) 
where j" = (p,7) is the four-current density. 


Contracting (6.5) with the Levi-Civita tensor and renaming the summa- 
tion indices we arrive at 


CG, Poa n (6.6) 
since 
O= €iiee (0 FO? ee eo” Eo) 


(exrne + €puor + Ear ae) Cee? = 60% ae 
Taking the four-divergence of (6.4) immediately leads to the continuity equa- 
tion for the electric current vector 

Ca — Ue (6.7) 
This is a compatibility condition since F“” is constructed as an antisymmetric 
tensor. 

The field-strength tensor can be used to construct scalar and pseudoscalar 
bilinear functions 

layla —2(E* - B’), (6.8a) 
Bde = a (6.8b) 


6.2 The Maxwell Equations 


In the framework of quantum theory the field strength, EF and B are 
usually treated as derived quantities. For the fundamental dynamical variable 
the vector potential A” = (A°, A) is employed.) They are connected to the 
field strength through 


B=VxA, 
OA (6.9) 
Bea rs 
ae ee 
or 
Fey — 9h Av — gv Ab (6.10) 


This construction automatically guarantees that the field-strength tensor sat- 
isfies the homogeneous Maxwell equation (6.5): the six terms involving deriva- 
tives of second order cancel each other. The inhomogeneous Maxwell equation 
leads to a second-order wave equation 


Pe CMG yA (6.11) 
or, with the space and time components written separately, 
O : 
OA+V(24,+V-A) = 4. (6.12a) 
] 
—A Ao — ay A =p. (6.12b) 


Taking the four-divergence of (6.11) immediately shows that the electromag- 
netic current is conserved, i.e., it satisfies the continuity equation (6.7). 

It is well known that the potential A“(a,¢) is not a directly observable 
quantity and that it is not uniquely determined. A local gauge transformation, 
which adds the four-gradient of an arbitrary scalar function A(z, t) to the 
potential, 


A'’ (x) = A*(x) + 0" A(z) , (Gaia) 


will not modify the values of the field strengths (6.10) and will preserve the 
wave equation (6.11). The property of gauge invariance leads to technical 
complications in the study of the electromagnetic field. To calculate a quantity 
of interest one often subjects the potential to a particular gauge condition, 
i.e., one “fixes the gauge”. The details of the ensuing calculation can depend 
strongly on the chosen gauge condition, although of course the observable 
quantities derived at the end have to be gauge invariant. The problems are 
aggravated when nonabelian gauge theories are studied, which are of central 
importance for modern particle physics. In this book, however, we will restrict 
our attention to abelian fields. 

Several gauge conditions are used frequently and have special names. 
Among these are 


1 We mention in passing that it is nevertheless also possible to apply the canonical 
quantization procedure directly to the field strengths. This approach dates back 
to W. Pauli. 
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Lorentz gauge: 0, A*=0 , 
: A=); 

Coulomb gauge: V (6.14) 

temporal gauge: Ap=0 , 

axial gauge: Az = 0 


For the electromagnetic field the first two gauges are used most frequently. 


6.2.1 The Lorentz Gauge 


The gauge condition (6.14a) is the only one that enjoys the privilege of being 
manifestly Lorentz covariant. In Sect. 7.3 the quantization scheme for photons 
will be based on the Lorentz gauge. 

Any given potential can be made to satisfy the Lorentz condition by ap- 
plying the transformation (6.13) with a function A(x), which satisfies the 
equation 


OA=-90, A". (6.15) 


After this step, however, the field A” is still not defined uniquely. There is an 
infinitely large classe of gauge-equivalent fields describing the same physics 
and all satisfying the Lorentz condition. They are related to each other by 
transformation functions A(x) which solve the homogeneous wave equation 


OA=0. (6.16) 


From the observation that the potential A” is still not uniquely fixed even 
after the impositon of the constraint 0- A = 0, we can deduce that it has 
only two independent degrees of freedom, instead of four, which naively would 
be expected for a four-dimensional vector field. In the next chapter we will 
explicitly uncover these degrees of freedom. 


6.2.2 The Coulomb Gauge 


This gauge requires that the three-dimensional divergence V- A = 0 vanishes, 
i.e., that the vector potential A(x, t) is a spatially transverse field, with po- 
larization vectors orthogonal to the direction of propagation. Therefore one 
also uses the name transverse gauge. An arbitrary potential can be made to 
satisfy the Coulomb gauge condition if the transfomation (6.13) is chosen in 
such a way that A(z) is a solution of the Poisson equation 


A= Ae (Cle) 
Explicitly the re-gauged potential then reads 
A'=A-V |d’z' G(x — 2') V'- A(z’, t) . (6.18) 
Here G(x — x’) is the Green’s function of the Laplacian, defined by 
AG(a -2') = 8 (a — 2"), (6.19) 
which has the explicit form 
i i 
G(a-2')=—- 
it? 4n |x — | (o20) 


6.2 The Maxwell Equations 


One arrives at the same result by splitting the potential A into its transverse 
and longitudinal parts:? 


A=A,+A)=(PL+P))A, (G221) 
so that 

Ne) and Vx A) =0. (6.22) 
The projection operators in (6.21) can be written as 

1 
Ce) On Oe : (6.23a) 
1 
(Pix = A%Z9;- (6.23b) 


The symbol 1/A denotes the inverse Laplacian. The action of this operator 
on a vector field V(x) is given by 


A 


where the integral kernel consists of the Green’s function (6.20). With (6.23a) 

the transverse part of the vector potential A, becomes (6.18). Clearly the 

projection operators P, and P, are nonlocal operators in coordinate space. 
The field equations (6.12) in the Coulomb gauge get simplified: 


ES WAG [ex G(a —2') V(z’) , (6.24) 


a 
DA+= VA = ji (6.25a) 


A Ao = -p. (6.25b) 


The potential Ag simply satisfies the Poisson equation, which no longer con- 
tains a time derivative. As a consequence Ag(z,t) can be determined directly 
from the charge distribution p(x, t) taken at the same time: 
Hl t 

Ao(x,t) = [ex = ok (6.26) 
This instantaneous Coulomb potential obviously no longer plays the role of 
a dynamical degree of freedom of the theory. Since the longitudinal degree 
of freedom of A(z, t) has also been eliminated, Aj = 0, the Coulomb gauge 
should be very suitable for describing the photon field with its two transverse 
degrees of freedom. The drawback of this gauge lies in the violation of (man- 
ifest) relativistic covariance. The condition (6.14b) will be satisfied only in a 
particular preferred inertial frame and the whole calculation will be restricted 
to this frame. We will present the quantization of the electromagnetic field in 
the Coulomb gauge in Sect. 7.7. 


6.2.3 Lagrange Density and Conserved Quantities 


The Lagrange density of the electromagnetic field interacting with a charged 
source j,,(x) reads (cf. Exercise 6.1) 


? Note that this splitting is not relativistically invariant. Both components will get 
mixed under Lorentz transformations. 
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1 2 
Le — 3 Fy FRY — jd". (6.27) 
This leads to the action integral 
1 : 
W = [d*x (2) = fate (5 (EB? - B®) -pAo+ 5A). (6.28) 


We remind the reader of the connection between gauge invariance and current 
conservation. The field-strength tensor F’,, is gauge invariant (in abelian field 
theories) but this does not hold automatically for the interaction term. In 
order to guarantee the invariance of the action the integrand at most may ob- 
tain an additional divergence term under local gauge transformations (6.13). 
This is satisfied provided that the current 4, satisfies the continuity equation 
(6.7) 


Oi, SU, (6.29) 
so that 
yA = 5,A"+9,0°A=7,A* +07,,A) A 7) 
Sj sttiace terme 


Since the gauge function A(z) is arbitrary, the current conservation law 
Oo 7,, = 0 must be satisfied everywhere in order to leave the action invari- 
ant. 

Knowing the Lagrange density, we can evaluate the canonical energy- 
momentum tensor OF". According to Sect. 2.4 it is 


OL 
or = ——— 0" A, — gL. : 
Geno Ge (6.30) 
Using the identity 
(Fag i s) = po 
0,4,) oe 


which is easily verified, we obtain 
i 
OM = 79!" Fap Fee — Fee av A, + gg, Ae (6.32) 


In the absence of a current, j,, = 0, the divergence of this tensor vanishes, 
which implies a conservation law for energy and momentum. The Lagrangian 
(6.27) also contains the option that a current j, is coupled to the field. This 
current is treated as an externally given source and thus the translation in- 
variance of the system is broken. Therefore the continuity equation for energy 
and momentum density will obtain an extra term. 

Using the equation of motion (6.4) the four-divergence of the canonical 
energy-momentum tensor is 


il 
0,0" = 5 (0" Fas) Hee — (0. oe Ap Pha Ae 
(0 ja jo AG 
1 
= —50"(GaAg + Op-Aa) Gt SCY Ma ee) eo, (6.33) 
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Since F“* is antisymmetric this reduces to 
0,0" = (O"jg) A® . (6.34) 


Thus energy conservation (v=0) is violated if the source current j,,(x, t) de- 
pends on time. Similarly the electromagnetic field can aquire or lose momen- 
tum (vy =1,2,3) provided that j,,(x,t) is inhomogeneous and has a spatial 
gradient. Of course this violation of energy and momentum conservation is 
just a consequence of the ansatz which treats j,,(a@,t) as a given function. 
In a complete theory the current will be caused by other fields, which also 
have to be treated as dynamical variables. These fields will contribute to the 
total energy-momentum tensor on the left-hand side of (6.34), whereas the 
right-hand side will vanish (see Exercise 6.2). 

The canonical energy-momentum tensor introduced in (6.32) has some 
disagreeable properties: it is not symmetric and also not gauge invariant. The 
latter property follows if the gauge transformation (6.13) is applied: 


o'HY — OFY _ FRO AVAL A+ gt’ 770, A. (6.35) 


Now we swap the derivative 0, and use the equation of motion (6.4) and the 
continuity equation (6.7): 


olny = OF — Oat nee BP A\ = gt¥9° A) Bie (Orr ous - ig (Ong A 
= Of —8,(FH a’ A— gt¥j7A)— jHO"A. (6.36) 


Thus 0” is not gauge invariant, even in the absence of external currents, 
jn = 0. However, in the latter case the change of gauge only leads to a diver- 
gence, which upon integration produces a surface term, making no contribu- 
tion to the total energy and total momentum of the electromagnetic field. As 
discussed in Example 2.1 it is allowed to add to the energy-momentum tensor 
the divergence of an arbitrary tensor of rank 3, being antisymmetric in the 
litshiiwe imdices, ¥°°° = —X 


Or = OF + O,x7H" , (6.37) 
without changing the conserved quantities. This is true since Gauss’ theorem 
implies 


py” = [orem aes foe fer Si aor) 


= JE oe [ez Ox” + surface term = P” (6.38) 


provided that surface terms at spatial infinity can be neglected. 

We can make use of this fact in order to construct a “physical” modified 
energy-momentum tensor T#”. Following the pattern of (6.37) we add the 
four-divergence of a tensor y’"” which is chosen such that it cancels the 
second term in (6.36) under gauge transformations 


Oe eon Re CAY (6.39) 


Employing the Maxwell equation we obtain 


I “a” re Se gait — A (6.40) 
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The gauge invariance in the absence of sources, j, = 0, is obvious from the 
fact that (6.40), in contrast to (6.32), depends only on the (gauge invariant) 
field-strength tensor F#”. Furthermore the redefinition (6.39) has transformed 
T¥” into a symmetric tensor (in the absence of sources). We remark that the 
transition from ©, to Tj, precisely coincides with the general procedure of 
Belinfante for symmetrizing the energy-momentum tensor discussed in Exam- 
ple 2.1. The extra term in (6.39) is obtained from the general equation (17) in 
this example if the transformation coefficients (Iag),., to be derived below, 
(see (6.47)) are inserted. 

The apparent violation of gauge invariance in the presence of a current 
ju (x) is no reason for concern since we are dealing with an open system with a 
externally prescribed source. The argument applying to the apparent violation 
of energy and momentum conservation can be repeated; gauge invariance is 
restored if the source is included in the system and bestowed with appropriate 
transformation properties (see Exercise 6.2). 

Explicitly we find from (6.40) the energy density 


1 
oO = GPO 5 we + FF ,° + Jee _ 7° Ag 
i : 
= 5 (B’ + E’)—j-A, (6.41) 
and for the momentum density (i.e., the Poynting vector) 
p* = Tok = poor. wy gee 
p = ExB-j A. (6.42) 


6.2.4 The Angular-Momentum Tensor 


Noether’s theorem enables us to calculate the angular momentum of a given 
field configuration A,,(z). For this we have to know the behavior of the vector 
potential under infinitesimal Lorentz transformations 


Tine Te NOSE ES (6.43) 
The general ansatz for the transformation of multicomponent fields was given 
in (2.64): 

il 
Al# (a!) = A(x) + 5 Swap (ea) arene (6.44) 


The infinitesimal generators ([*°)#” of the Lorentz group can be easily de- 
termined from the transformation properties. Clearly the field A“(z) must 
be a four-vector, following the same infinitesimal transformation rule as the 
coordinate vector (6.43): 


A'#(a') = A¥ (x) + dw!” A, (x) . (6.45) 
This implies 
1 

bWap [srry > grt | =0. (6.46) 


Furthermore the generators can be chosen to be antisymmetric, (I%?)#” = 
—(I°*)#” since a symmetric part will drop out after contraction with the 
antisymmetric matrix 6wag. Therefore (6.46) is solved by 


6.2 The Maxwell Equations 


Gee ae = Gage _ go? gt ; (6.47) 


This matrix determines the properties of a spin-1 field under Lorentz trans- 
formations. The objects (6.47) satisfy the Lie algebra of the Lorentz group 
(2.65). The tensor of angular-momentum density M#” is then obtained from 
the general formula (2.70) as 


OL 
MeHYA = OA x” = HY y VvrA\OT 
3 © + 500,40)" LA, 
-_ Org” = QHY y ae agg oa Op 
gaara cE AD ey A) (6.48) 


The last term describes the intrinsic angular momentum (the spin) of the vec- 
tor field. To be more precise the latter is obtained from the 4s = 0 component, 
taking spatial components v and d: 


Gr | clea (eral (6.49) 
Written in terms of three-vectors, the spin of the electromagnetic field reads 


= [ere AL, (6.50) 


RRS — 


6.1 The Lagrangian of the Maxwell Field 


Problem. Derive the most general form of the Lagrange density of the mass- 
less spin-1 field, which produces the field equation (6.11). Show that the result 
agrees with 


1 
5G = 4 Fw a jpA? (1) 
up to a four-divergence term. 


Solution. The Lagrange density C is a Lorentz scalar that has to be con- 
structed from the vector field A and its derivatives. Since the field equation 
for A¥ is supposed to be linear, C will consist of second-order terms. We make 
the following general ansatz: 


L=a(0, A")? + BO, A”) (OX AL) + (Op A”) (O, A") + 6A, A” + € jp A" . (2) 


A possible further term, (0,,0, A”) A”, was left out since it agrees with the first 
term up to a divergence. The interaction with the current j,, can be determined 
from the field equation (6.11). Variation of the action with respect to the field 


A, leads to the Euler-Lagrange equation 
OL OL 
—— —-% ~——_, = 0. 3 
Can OA.) (3) 


We need the derivatives 
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Exercise 6.1 


aL 
= = 2A" + jt 4 
A, ao (4) 
OF = 2g, (8, A”) + B2,AK +-720"A, . (5) 
5(6"A,,) 2 


Inserting this into (3) gives 
CAN ey ee [ew MORBE) sE a Ae 70" A,| 


= (a+ 70 (OA) ea (6) 
This is required to agree with the field equation 
BAP = OO A= 7. (7) 


Obviously the choice 6 = 0, 6 = se, Bia = —te will do the trick. Of course 
£ in this way can be determined only up to the constant factor e. The value 
of € can be fixed using the interaction term. The potential energy of a charge 
q experiencing a potential Ap should be V = qApo, entering the Lagrangian 
with a negative sign (L = T — V). From this we deduce « = —1. The general 
expression for the Lagrange density then reads 

£L=a(d, A")? - +(0,A”)(O" Ay) =F (5 — a) (0,A”)(8,A") — jpA*. (8) 
A comparison with the expression 

Lo = —1E yy POY jy A" = —}(OpAv)(O" A") +4 (Ou Av)(0"A")— jy A" (9) 
exhibits the difference 

L-Lyo =a [(Ou.A") (8, A”) - (0, A”) (0, A*)] : (10) 


where q@ is an arbitrary parameter. The term in square brackets is a four- 
divergence which will not contribute to the action integral. Using the product 
rule and renumbering a few indices the content of the square bracket can be 
written as 


lL | = ((A"a,A"\— Ate 0A) — (6. Ae, A oa) 
= 6,(A*O,A” — A’G, A") . (11) 


Therefore without restricting generality, a can be chosen to vanish. 


RRS LhLL—EE_EE ee eee 
6.2 Coupled Maxwell and Dirac Fields 


Problem. Quantum electrodynamics describes a coupled system of a Maxwell 
field and an electrically charged Dirac field. Their coupling is driven by the 
Dirac current 74 = ew yw. Derive the resulting classical equations of motion. 
Show that the energy-momentum vector of the total system is gauge invariant 
and that energy and momentum are conserved. 


6.2 The Maxwell Equations 


Solution. The Lagrangian of the system is 


ie 


Linnae ar [ae at [om 
ay. 1 eee 
(in — m) yp — qe SS) aly, (1) 


This leads to the following set of coupled equations of motions for the fields 
v, vw, and A#: 


["i(Oy > ieA,,) — m| Dane (2a) 
Bly i(Oy —ieA,,) + m| = 0; (2b) 
OA" —04(0-A) = epyty. (2c) 


The Lagrangian (1) and the field equations (2) are invariant under local gauge 
transformations 
A,,(2) =e) 4 O, Ae) - (3a) 
p' (2) exp [—ieA(z)] (x) , (a) = exp [+ieA(2)] (x). (3b) 


This was achieved by the prescription of minimal coupling, replacing the par- 
tial derivative by the “gauge-covariant” derivative, 0, — D, = 0, + ieA,. 
The canonical energy-momentum tensor resulting from (1) is 


II 


Oe eet Coin 1 ine: (4) 
where 

Os gO — at) a) (5a) 

Oty, = —FM OYA, + gl FoF, (sb) 

Om = gh eby PAs. (5c) 


Application of the gauge transformation (3) leads to the following extra 
terms 


AO ae = ebypa’A—geby Pa , (6a) 
Aow = —F#°9"d, A, (6b) 
Aoty = gtepybdrA. (6c) 


The sum of these contributions reduces to 
NG epyy Ov A — FY A" OA 
(epyta + 0, F#") 0" A — 8, (F#7 8" A) 
= Sch ace ay (7) 


where in the last step the field equation (2c) has been used. The energy- 
momentum four-vector proves to be gauge invariant since its change reduces 
to a surface integral: 


ee = [ee Ao” =— [x90 URES) = [xeva(wiora) 
O. (8) 


\| 
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I 


Exercise 6.2 


Using the field equations (2), we can write the four-divergences of the 
contributions to the electromagnetic field-strength tensor as 


0,08, = =O Wat WiAc. (9a) 
OC, = STAM a) (9b) 
0,0K = Od (eby7p) Ac + (eby’¥) (0 Ae) ; (9c) 


Energy-momentum conservation in the combined systems follows from sum- 
ming up the three contributions 


8,00. + 0,088, + OOM, = 0,0" = 0. (10) 


Dirac .m int 


This also holds for the symmetrized energy-momentum tensor T?”. 


6.3 The Proca Equation 


The transition from the massless electromagnetic field to a field of massive 
vector bosons is easily done: we simply add a quadratic mass term to the 
Lagrangian. Its form can be deduced by comparing with the massive Klein- 
Gordon theory: 


a ~ 7 Fw Fey + sma, AY — 5, A". (6.51) 
We have assumed that A” is a real-valued neutral spin-1 field. For a charged 
field, A, is complex and the mass term in (6.51) has to be replaced by 
m? evi ee 

The sign of the mass term has to be treated with care. At first sight it 
might appear to disagree with the sign of the Klein—Gordon mass term. One 
has to keep in mind, however, that the scalar product A, A’ = (A®°)? — (A)? 
consists of four different contributions. The sign was chosen such that it agrees 
with the Klein—Gordon case for the spatial components of A(x). It will turn 
out that the time component A°(z) play a special role and cannot be identified 
with a degree of freedom of a real physical particle (see Sect. 6.5). 

The Euler-Lagrange equation emerging from (6.51) reads 


0,FHY +m? Av =j", (6.52) 
which can be written in terms of the potential A” as 
0 AY — 0" (0, A") +m? AX = 5”. (6.53) 


This is the Proca equation. 

An essential difference compared to the massless case is encountered when 
taking the four-divergence of this equation. Since the first two terms cancel 
each other we find, assuming m # 0 


v 1 “y 


6.3 The Proca Equation 


In the following we will assume that either there are no sources, 7” = 0, or 
that the source current is conserved,’ 0,7” = 0. This simplifies the condition 
(6.54): 


6, AY =0. (6.55) 


In contrast to the electromagnetic field, the massive spin-1 field will auto- 
matically satisfy the Lorentz condition (6.55) (or more generally (6.54)). The 
Lorentz condition has become a condition of consistency for the Proca field. 
As a consequence the field equation (6.53) gets simplified: 


(+m?) AY =39". (6.56) 


Thus the four components of the spin-1 field separately satisfy the Klein— 
Gordon equation. This is not surprising since it is an expression of the rela- 
tivistic energy momentum relation. Simultaneously, the constraint condition 
(6.54) has also to be satisfied. It can be shown that in the absence of this 
constraint the field A“ would describe a mixture of independent spin-0 and 
spin-1 particles, which is not what we intend. 

Obviously the Proca theory cannot be gauge invariant: the mass term in 
(6.51) upon re-gauging of the field transforms according to 


A, Av + (Ag + Op A)(A® + 87 A) = Ag A” +2A,07A + OyA8°A, (6.57) 


and there is no way that the gauge-dependent terms could be expressed as 
a four-divergence. Also the field equation (6.56) immediately is seen to lack 
gauge invariance. 


The energy-momentum tensor of the Proca theory can be copied from elec- 
trodynamics. The only difference is an additional mass term, i.e., (6.32) is 
generalized to 


1 oe 
OM = Ia!” Fag FO — PH OY Ag — smight AgAT + gMjgA® . (6.58) 


Again this energy-momentum tensor can be symmetrized by adding a diver- 
gence as in (6.39), leading to a result that is similar to (6.40): 


a 7a" Fyg FO + FH FY — smigit’ AgA? +m? A" AY 
SPU Gee Aare (6.59) 
This implies for the energy and momentum density: 
We = $(B? +B?) + 5m%(43-+A®)—5-A, (6.60a) 
p = ExB-m’A°A- AS (6.60b) 


3 This depends on the particular nature of the source. In contrast to the electro- 
magnetic case the current is no longer conserved automatically. 


153 


154 


6. Spin-1 Fields: The Maxwell and Proca Equations 


6.4 Plane-Wave Expansion of the Vector Field 


Drawing on the experience from the Klein—Gordon and the Dirac field, we can 
expect that a decompositon of the vector field A(x) in terms of plane waves 
will be very useful. The general form of a field mode will look like 

A, lk, A;2) = Nz eo rate) eo) (6.61) 


where wy = +Vk? + m?. Here €,,(k, A) denotes a set of four-dimensional po- 
larization vectors, which play a similar role as the unit spinors u and v in 
the plane-wave decomposition of the Dirac field. Since we deal with Lorentz 
vectors there should be four linearly independent polarization vector e”, three 
of them being space-like and one time-like. Things get simplified if the po- 
larization vectors are defined with respect to the direction of the momentum 
vector, thus leading to particle states with well-defined helicity (this choice is 
not mandatory, however; see the footnote on page 155). Without restricting 
generality we demand that the polarization vectors form a four-dimensional 
orthonormal system satisfying 


€n(k, A)e"(k, A’) = 9rd. (6.62) 
The following discussion will depend on whether the mass m of the vector 


field is finite (Proca field) or vanishing (Maxwell field). Therefore these two 
cases will be treated separately. 


6.4.1 The Massive Vector Field 


To construct the set of polarization vectors €,,(k,A) we choose a frame of ref- 
erence (which is arbitrary but will be kept fixed) in which the plane wave has 
momentum k. Now we choose two space-like transverse polarization vectors 


ete) ean Olga (ion) (6.63a) 

AU) = (0,602). (6.63b) 
imposing the conditions 

e(k,1)-k=e(k,2)-k=0 (6.64) 
and 

E(k) E(k 9) —c.. (6.65) 


The third polarization vector (A = 3) is constructed such that its spatial 
component points in the direction of the momentum k while being normalized 
according to (6.62). Its zero component is not yet specified. We will adopt the 
further condition that the four-vector ¢(k, 3) is orthogonal to the momentum 
four-vector, 


ke) (ka) Oe (6.66) 


Taking this equation and the normalization condition (6.62) for \ = 4’ = 3, we 
find the components of the thus constructed longitudinal polarization vector: 


eae (@ ce 2) | (6.67) 


m’ |k| m 


6.4 Plane-Wave Expansion of the Vector Field 


The normalization condition (e(k,3))? = —1 is satisfied since k?/m? — 
kj/m? = —m?/m? = —1. It is worth noting that in the massless case it 
would not have been possible to construct a vector that is transverse in four 
dimensions, (6.66), and at the same time has a nonzero norm: (6.67) is not 
well defined in the limit m — 0. This problem will be addressed in the next 
section. 


The spatial components of the three polarization vectors \ = Le cs aba 
the chosen special Lorentz frame form an orthogonal dreibein as sketched in 
Fig. 6.1. This, of course, is not a Lorentz invariant property since it refers to 
three-vectors. The four-dimensional orthogonality condition (6.62), however, 
by construction is valid in every inertial frame. 

To complete the vector basis in Minkowski space a fourth time-like po- 
larization vector with index \ = 0 is needed. For this we can simply use the 
momentum vector k, namely 


1 
e(k,0) = — k. (6.68) 
The factor 1/m ensures the normalization according to (6.62). Also, it is 
obvious that (6.68) is orthogonal to the three space-like polarization vectors 
€(k, A). Let us write down the four-dimensional scalar product of our set of 
polarization vectors* with the momentum vector: 


k-e(k,1) =k- e(k,2) =k-€(k,3) =0 (6.70) 
k-e(k,0) =m. (6.70b) 


It can be expected that the four polarization vectors satisfy a completeness 
relation. It is not difficult to guess its form: 
3 

S> gar eulk, A) (RA) = Ope - (6.71) 

A=0 
Here the factor g,, on the left-hand side is not meant to designate a tensor, 
it simply stands for the sign factor +1 or —1. Thus repetition of the index A 
here, as an exception to the general rule, does not imply a summation. The 
conjecture (6.71) is most easily checked in the rest frame of the particle where 
only the A = 0 vector has a time-like component. We find 


3 
S> gaa eu(k, A) ev (k, A) 


A=0 


4 It is also possible to construct a set of general polarization vectors which do not 
give special meaning to the momentum vector k. To achieve this, one starts from 
an arbitrarily chosen dreibein of unit vectors e) ¢€ ©). These vectors are 
extended into four-vectors and are subject to a Lorentz boost transformation 
going to the frame of reference in which the particle moves with momentum k. 
The result is given by 


eC eka 
= (| ———= ——— = N= 1,23) 6.69 
0 | ele , (6.69) 
In combination with (6.68) for A = 0 this prescription leads to a set of general 
polarization vectors which satisfy the conditions (6.62) and (6.70). The previous 
vectors (6.63) and (6.67) can be viewed as a special case of (6.69). 
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E(k ,3) 


€(k,2) 


€(k,1) 


Fig. 6.1. The directions 
of the longitudinal and 
the two transverse polar- 
ization vectors 
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: (6), (3) -2 (cua), (Ga) (6.72) 


If 4 =0 andy =0 the result is +1 and (6.71) is satisfied. Furthermore the 
mixed spatial and temporal components of (6.72) vanish. If both indices 2, 9 
are spatial we have to prove that 


Sa (k, A) €;(k, A) = 63; - (6.73) 
A=1 


This is just the ordinary completeness relation for an orthogonal dreibein. It 
is important to include the sign factor g,, in (6.71). In the rest frame also 
the relation 
3 

S| eulk, A) p(k, A) = Sp (6.74) 

d=0 
would be valid. This, however, is not a covariant equation since the left-hand 
side consists of a contravariant tensor of rank 2, while the right-hand side 
is not a tensor. The correct form of the completeness relation, valid in all 
Lorentz frames, therefore is given by (6.71). 

In order to understand the physical meaning of the plane-wave solutions 
we have to insert the ansatz (6.61) into the Proca equation. The field equation 
(6.56) for the free (7“ = 0) vector field simply leads to the energy-momentum 
relation k® = m*. The constraint (6.55) turns into the condition of four- 
dimensional transversality 


boe—). (6.75) 


This constraint implies that the massive vector field has only three polarization 
states (A = 1,2,3). The fourth state (A = 0) contradicts the consistency 
condition and thus cannot be used to describe a (free) particle. 

Nevertheless we have to note that the three “physical” polarization states 
on their own do not form a complete set in the mathematical sense. Rather, the 
completeness relation will contain an extra term since (6.71) can be written 
in the form 


3 
Dy ek en) = = (Gu = = 
A=1 


m2 kyky) . (6.76) 


6.4.2 The Massless Vector Field 


When constructing the polarization states of the massless vector field we can 
begin as in the massive case and introduce two transverse polarization vectors 
A = 1,2 (cf. (6.63)), which refer to a fixed Lorentz system. However, now 
the momentum vector k can no longer be used as a basis vector: k cannot be 
normalized to 1 since the dispersion relation now reads k? = 0. In addition we 
recall that the longitudinal polarization vector (6.67) is not defined for m = 0. 
In the massless case it is impossible to construct a third polarization vector 
which is normalizable and at the same time transverse (in four dimensions). 


6.4 Plane-Wave Expansion of the Vector Field 


To avoid this problem we arbitrarily define a time-like unit vector which in 
the chosen special Lorentz frame simply is given by 
(00/0) where 7 = 41 | (6.77) 


The longitudinal polarization vector can then be written in covariant form 
5 
as 


k—n(k-n 
das) = —— (6.78) 
[(k : n)? a k?] 
This vector indeed has the correct normalization 
a ee DY ae) 
e(k, 3) -e(k, 3) = aie See (ens es (6.79) 


(k-n)? — k2 


Furthermore we have ¢(k,3) -n = 0. In the special Lorentz frame, (6.78) is 
reduced to 


HE 3) = (0. ia) | (6.80) 


(Note the difference compared to the polarization vector e(k, 3) of the massive 
vector field which contained a time-like component.) The vector (6.80) thus 
is orthogonal to the transverse vectors (6.63). To add a fourth member to our 
vector basis we simply can use the unit vector n as a time-like polarization 
vector 


EO) = 2, (6.81) 


which by definition is normalized to +1 and stands orthogonal to the other 
polarization vectors (A = 1, 2,3). 

The polarization basis in an arbitrary inertial frame can be obtained via a 
Lorentz transformation. Of course this will give a more complicated appear- 
ance to the vectors e“(k, A) which in general will consist of a mixture of space 
and time components. 

The four-dimensional scalar product of the basis vectors and the momen- 
tum vector reads 


Koco ke E(k, 2) = 0, (6.82a) 
ce Owe ce. 3) = koa , (6.82b) 
which of course is valid in any frame of reference. This has to be compared with 


(6.70) for the massive vector field. The completeness relation (6.71) remains 
valid also for the massless case: 


3 
SS Geen enh) = Gi (6.83) 
A=0 
The proof contained in (6.72) can be taken over, although now the rest frame 
does not exist for a massless particle. Our special Lorentz frame will do as 
well, however, since the only property used in the proof was the absence of 


5 Free photons satisfy the dispersion relation k? = 0 and the normalizing denomi- 
nator in (6.78) is simplified to k - n. 
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time-like components of the 4 = 1, 2,3 vectors. For free photons (kh? =O) the 
completeness relation can be written as 
2 
ke Kyuty + ky ny 
= -Guy — ——___—_— . 6.84 
x €x(k, ) en(k, A) = —9yv Ene ae (6.84) 
Here we have isolated the transverse modes on the left-hand side. The gen- 
eral expression applicable also for virtual photons (k? # 0) looks a bit more 
complex: 


2 2 
kuky — (Kyun, + kyny)k on + nynyk 

Do cul N)en(ky A) = gy — EE 

AI 

(6.85) 


6.5 Canonical Quantization of the Massive Vector Field 


The canonical quantization procedure amounts to the imposition of equal-time 
commutation relations (ETCR) for the field variables and their canonically 
conjugate “momenta”. For the spin-1 field this is not so trivial since one 
has to isolate the “relevant” degrees of freedom first. We will start with the 
massive vector field (Proca field), which can be quantized quite easily. The 
more involved case of the photon field will be treated separately in Chap. 7. 

For a start, we have to introduce the Hamilton formulation of the Proca 
theory. The field variable is a four-dimensional vector A“(z). For each com- 
ponent pp =0,...,3 a canonically conjugate field can be obtained by differen- 
tiation of the Lagrange density £ given in (6.51). According to the identity 
(6.31) one finds® 


OL 
ee 6.86 
O(O0A,.) ( ) 
or 
g = and a (6.87) 


We are confronted with the new phenomenon that the 0 component of the 
vector potential A° does not possess a canonically conjugate field 7° since 
the Lagrangian £ does not contain the time derivative 09 Ao. It might appear 
that the nonexistence of 7 spells deep trouble for any attempt to quantize 
the theory as it is impossible to postulate a canonical commutation relation 
for A°. Fortunately, however, such a relation is not needed since the Proca 
field has only three independent degrees of freedom, as we know from the 
consistency condition (6.55). Thus the field Ao(x) is a dependent variable. 
The independent dynamical variables of the theory are the three-vector fields 
A and x = E. If they are known, the value of Ao follows automatically. Taking 
the Proca equation (6.52), 0,,F#° + m? A° = 0, we have the connection 


1 
ca 
A= —Ta VE, (6.88) 


° Note that A” and T, are the conjugate fields. Thus the space components obtain 
a minus sign if contravariant vectors A and 7m are used for both fields. 


6.5 Canonical Quantization of the Massive Vector Field 


which proves that A° is a dependent quantity and not a dynamical variable 
of its own. 


Let us now derive the Hamiltonian of the Proca field. For the Hamilton 
density we find 


Ti ih 8 ye ae Fw Pe - 5m? A, AM 
= : i 2 2 1 
= = 19} NES -B a oe Ae (6.89) 
The right-hand side has to be expressed in terms of the canonical variables A 
and &. To achieve this we can make use of E = —V Ap — 0) A and 
E-WVAo = V -(EAo) — Ao(V : E) = V + (EA) + m? 42 , (6.90) 
as well as (6.88). This leads to 


= -E- (-B-VAp) + 5(-E? +B? +m? A”) — mA 
1 
= (HB? + B® +m? A? +m? AG) + V- (Eo) - (6.91) 


The divergence term yields only a surface contribution upon integration over 
d?z and can be discarded. The Hamiltonian thus reads 


1 il 
fe d’e5(B?+(Vx A)? +m?A?+—(V-E)). (6.92) 


The same result is obtained from the integrated energy-momentum tensor 
O° (z) or T(z) (see (6.60a)). 


Canonical quantization of the Proca field is achieved as usual by imposing the 
ETCR for the canonically conjugate field variables A’ and 7; (keep in mind 
the sign change when going to contravariant vectors): 


[Ai@,t), P(e',)) = -i6:;6(2 —2'), (6.93a) 
[X@b), GO) = BG), ee | = 0. (6.93b) 


The three spatial components of A are treated as independent fields, which 
finds expression in the factor 6;; on the right-hand side of (6.93a). We have 
used ordinary commutators with a minus sign for quantization since the spin- 
1 particles are bosons. Attempts to use fermionic quantization rules as in the 
spin-0 case would lead to a violation of microcausality. The arguments of 
Sect. 4.4 can be applied to prove this. 

The Hamilton operator of the (neutral) massive vector field is the field- 
quantized version of (6.92): 


a as 4s a 1 A 
l= at (B24 (Vx A)? 4+m2A?+ SV- BY), (6.94) 


Using (6.93) one easily confirms that the Heisenberg equations of motion for 
the operators A(x,t) and E(x, t) become 


a <5 4 Sa, (6.95a) 
m 


E 


—WA+V(V-A) +m A. (6.95b) 
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This again agrees with the Proca equation of the classical theory, (6.53) with 
(6.55), expressed in terms of A and EB. 

The quantization rule (6.93) appears to have the unpleasant property of 
not being manifestly covariant, since it is expressed in terms of the three- 
vectors A and E. It would have been much nicer to use four-vectors and to 
quantize the vector potential A“. This can be achieved if one defines the field 
operator A(x) to be 


Ao = aay, -E, (6.96) 
mM 


corresponding to the classical relation (6.88). Using (6.93), we find that this 
operator satisfies the commutation relations 


A(x, t), A°(a", t) eho Gr IF (6.97a) 
ae 


[A°(a,t), A%(a',t)} = 0. (6.97b) 


Because the space and time components of A” are treated differently our 
quantization procedure appears not to be covariant. In Exercise 6.4 it will 
be shown, however, that (6.93) and (6.97) are special cases of the following 
covariant commutation relation, which is valid for arbitrary space-time coor- 
dinates x and y: 


[A*(x) , A*()] = (9 + =, 0"8") Aa ye (6.98) 


Here A(x — y) is the invariant Pauli-Jordan—-Schwinger function introduced 
in Sect. 4.4. The form of (6.98) thus demonstrates that the canonical quanti- 
zation procedure is covariant also for the massive spin-1 field. 


BRAN LE ee 


6.3 Fourier Decomposition of the Proca Field Operator 


The plane-wave decomposition of the vector field operator makes use of the 
basis states A“(k, A) having well-defined polarization (\ = 1, 2,3), which were 
introduced in Sect. 6.4. The field operator is written as 


3 
A*(2) = [oe 3 (Ger A" (k, A320) + at AM (k, 432) (1a) 


A=1 


= / aT oa (ie tthn Ae? + al, c(h, Ae). (1b) 


The normalization factor Nj, = (2w,(27)%)~!/?, which agrees with that used in 
the spin-0 case, ensures that the expansion coefficients @, satisfy simple com- 
mutation relations. The field operator in (1b) by construction is hermitean, 
which in the classical theory corresponds to a real-valued field. As a conse- 
quence our theory describes a neutral spin-1 field. If one wants to describe a 
charged spin-1 field, (1) has to be replaced by the expansion 
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A*(x) = [ove > (Gea A"(k,\;2) + bt, AM (k, A52)) : (2) 


Nall 


The operators 4@,, and bien separately describe particles and antiparticles (cf. 
the treatment of the charged Klein—Gordon field in Chap. 4). In the following 
we will concentrate on the neutral field described by (1), but the discussion 
can be easily carried over to the charged case. 

The expansion (1) sums over the two transverse (\ = 1,2) and the lon- 
gitudinal (A = 3) polarization state. Explicit expression for the polarization 
vectors e“(k, ) have been given in (6.63) and (6.67).” 

The operator of the three-dimensional vector potential has the following 
expansion: 


y d?k = “ —ik-x ~ ik-x 
A@) = [To Lele) (dure boil ele jhe (3) 


The corresponding field-strength vector (i.e., the canonically conjugate field) 
is given by 
E(z) => =o) A brs Vv Ao 
3 


A=1 


3 


d?k es aie toe 
= j | ————— JP axe(k,A)(G&,e7”” —G,,€°")} . (4) 
l= » ( )( BD ) 
We have introduced the following modified polarization vectors: 


CU) eke N) =k €°(k, A) (5a) 
A? 

= e(k,A) -— —5k-e(k,A), (5b) 
Ok 


where in the second line the transversality condition we? —k-e = 0 has been 
used. These vectors have the property 


= ke? m? 
k-&hk,d) = (1- Fp) el, 0) = Tek (Bs) (6) 


For the special choice of polarization vectors used in Sect. 6.4.1 we get explic- 
itly 

1 Lon sel 
m/w? for A=3 


E(k, d) = fre(k,) with n= (7) 


7 To describe planar linear polarization these vectors can be chosen to be real- 
valued, ¢’*(k, \) = €*(k, 4). For circular polarization see (38). 
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The Commutation Relations 


We can expect that at , and G, as usual will play the role of creation and an- 
nihilation operators for spin-1 bosons. To check their commutation relations 
we express them by the “inverse Fourier representation” in terms of the field 
operators A(x) and E(x). We follow the analogous treatment of the Klein- 
Gordon theory given in Sect. 4. The scalar product of two Proca vectors will 
be defined in analogy to (4.24) as 


(A@), 4'(e)) = fos A** (x) a A, ays (8) 


Sse 
where A Oo B= A(OB) = (0)A)B 
The scalar product of two plane waves then becomes 


I 1 
A(k', 0'), A(k, A eo — re 
( ( Mee )) : = Vf Qu (27)3 \/2w;,(27)3 


x eH (k!, Mel? 3p e,(b, ANE 


= O(k —k)et(k, Ne ke)e (9) 

The orthogonality of the four-dimensional polarization vectors then implies 

(Aq, d), A(k, d)) = 63(k' — k) gay. (10) 
Similarly we find 

(A"(R', 0"), Ar(k, 4) = —68(R! — &) gay (11) 
and 

(4(',X’), 4*(&,)) = (A*(e',’), A(k,)) 10% (12) 
If we apply these relations to (1) the creation and annihilation operators can 
be projected out. Keeping in mind g,, = —1, we obtain 

dun = (A(k,»), A(e)) = =i [ave ar (k,2) By A, (2) (13) 


and a similar equation for at ,- When we insert the plane wave, (13) becomes 


Gh. = i a (4"*(k,) Ao A,,(2) — & A**(k, d) A,(2)) 
elk: ‘z P ; 
Ca BY (a Ay (x) — iwe A, (z)) . 


This is to be expressed in terms of the three-dimensional fields E and A: 
ik: Pr 


i — :( 
eo 2Wk VV 2u.(20)8 


elk: ap 


jp a 
of 2w,, (27)3 


x(-OV- Ate B+e- VA —iwne Ay tinge: A), (18) 


(14) 


elon =€50;4 = Wipe oe oo ares A) 
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where we have used 0Ay = —V-A and —QA= E+ VAG. Equation (15) can 
be simplified by integrating by parts: 


-OV-A>-iok- A. (16) 
Using k- € = 0 we also find 
Cay AponeG (ie -k — iwze®) Ap =0. (17) 
Thus the expansion coefficients of the field operator are given by 
ikex 
in = Se repr ((wre - ek) -A-ie-B) 
ei oe (w. €(k, A) - A(x) — ie(k, 2) - E(c)) (18) 
2w%,(27)3 


where the modified polarization vector €(k, \) from (5) has been used. With 
the aid of this inverse Fourier representation, the commutation relations for 
the creation and annihilation operators can be derived immediately. We find 


ik! ea! ~ik-x 
ley a |= [eu ae rp ; NCS 
x [tog "Al — ie’ Bue A+ic- B] 
= [oe Claas aes (were! -E+ ue’: é) 
2(27)3 fe We 
5°(k' — k) $(€(k, ’) - e(k, 4) + €(k, A’) - E(k, A)), (19) 


where the equal-time commutation relations (6.93) have been used. The vec- 
tors € and € satisfy the following orthogonality relation (using (5a) and (6.62)): 


eo 1 
e(lemie(ky ue elk, N )-e(e, A) — E(k r'\k - €(k, 2) 
k 
e(k, A‘) - e(k, A) — (kb, \’)e°(k, d) 
—e(k, X') : €(k, A) =—-9yrx1= by1y e (20) 
This leads to 
[any aL,] = 9(k! —k) bay , (21) 
which is just the expected result. The other commutation relations of interest, 
(Gx! ’ arr] ae elem als|| = 0 ? (22) 


can be derived similarly. Thus we have confirmed that the ah , and 4%) have 
the familiar algebraic properties of creation and annihilation operators. 


The Hamilton Operator 


In the following, we show that the quantized Hamiltonian H can be written 
as the familiar sum over particle-number operators fix,, = at ,4xx of the 
individual field modes multiplied by hw,. This simple result is reached by an 
elementary but somewhat lengthy calculation, which we will sketch here. One 
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has to insert the expansions (3) and (4) of the field operators A and E into 
the expression for the Hamiltonian (6.94). To eliminate possible (divergent) 
vacuum contributions, the Hamiltonian will be taken in its normal-ordered 
form: 


2 it A a “ 

a= ads :(#? +m?A?+(V x A? +alv: E)?):, (23) 
After inserting the expansions for A and E and squaring them, one arrives 
at a sum over sixteen terms under the integral (23) containing various com- 


binations of @ and at. As an example let us inspect the term containing 4! 4, 
1.e., 


doh dk Boas 
d°z == wewpe'-E+(k' xe')- (kx e 
su dX VJ dem (2) /2w (2)? 5 (wee Saat as mage 


xX 


iL oS ss ! a 
+m7e'-€+ — www (k!-E')(k-é)) e GR ial aan 
1 fe res ; 
= = — (wpe -e€e+(kxe)-(kxe 
DO | dag (HE E+ Xe) Xe) 


+me-e+ Wk = €')(k- €)) ahaa. (24) 


Using the identity (k x € . -(k x €) =k’ e'-¢—(k-e')(k-€) and (5a), (6) 
and k- € =w,e°, the polarization-dependent terms in (24) become 


e wre! -e+wre! -E—(k- e')(k-€) + E(k -€)(k-@) 
me 


Qu? (e'-e—€ = 207 Gy = lap Oe (25) 


The same coefficients also stand in front of the term containing G4’. Because 
in (23) normal ordering was prescribed, both terms can be combined into one. 
A similar calculation will show that the cofficients of the terms involving 44 
and @'at vanish. Thus the Hamiltonian of the massive spin-1 field in second 
quantization indeed have the expected form 


3 
a [ee Dro One (26) 
ne=il 


In a similar fashion the momentum operator can be derived, starting from the 
energy-momentum tensor T°’, leading to 


3 
= [eve kal aa (27) 
d\K=I 


Thus also for the vector field the quanta are found to carry energy w, and 
momentum k. 


The Spin Operator 
Since the vector field carries an intrinsic angular momentum of 1 there must 


exist a spin operator that is added to the ordinary orbital angular momentum 
operator. The spin term follows from Noether’s theorem (Sect. 2.4) and we 


6.5 Canonical Quantization of the Massive Vector Field 


already have derived the relevant classical expression (6.49). The spin operator 
is given by 


S= fete B x Az, (28) 


where again we have adopted the normal-ordering prescription. The Fourier 
decomposition of the field operators (3) and (4) leads to 


g = [oe [ dei dek 
, V 2we (27)3 J \/2w,(27)8 
3 


x S70 iwy €(b', A’) x €(k, A) 


el 
ef - —ik’-x af ik! x a Fiat a Roose N65 
(Ge are — Ay yr € ) (are 7 +4) ,e “Vie (29) 


This expression can be simplified by an elementary calculation, leading to 


4 3 
5 = 5 fee > 


es, ') x e(k, A) (ah any — ay, ay) 
eI 


ESE) GURY) (@eydnr Gee a aly au) . (30) 


As we have already observed for the spin-+ case, the spin S and orbital an- 
gular momentum JL in general cannot be fixed separately for vector fields. 
However, the helicity, i.e., the projection A = S-k/|k| of the spin in the 
direction of motion, is a well-defined quantity. Indeed in this case the expres- 
sion (30) is simplified considerably. The longitudinal polarization, \ = 3, does 
not contribute since €(k,3) points in the direction of k and the cross prod- 
ucts are orthogonal to the momentum vector. For the transverse polarizations, 
A = 1,2, we get €(k, A) = e(k, A). The second contribution in (30) vanishes 
since it changes its sign when we relabel the variables \ + 4’, k + —k. We 
are left with 


2 
A= > Jo Sex: €(k, X’) x €(k, A) (ah, any ah dar) (31) 
A M=1 
Since the unit vectors e(k,1), e(k,2), and e, = k/|k| form a (right-handed) 
orthogonal dreibein, their triple product is trivial and we get 


A | ash (ahoiie - al, axa) (32) 


This operator is nondiagonal, i.e., it does not consist of particle-number oper- 
AtOUS Ey = aie G,- Thus states of the type at |0) are not eigenstates of the 
spin operator. This can be achieved, however, by going to the spherical basis. 
We define new set of operators by the linear transformation 
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ak = a (ae + idk) , (33) 
ako = 4x3 , 


which can be inverted as 


ak = 5 (ant + Gx) , 
Co = 3 (4x4 — Gx) , (34) 
Gk3 = Gxo- 


Equations (33) (and the corresponding equations for the hermitean conjugate 
operators @') describe a canonical transformation since the commutation re- 
lations are not affected, 


Gc = eee | ae aoa). (35) 


which follows from (21)—(22). All the remaining commutators vanish. The set 
of operators @,4,4,—, @xq and their hermitean conjugate partners thus satisfy 
the algebra that characterizes creation and annihilation operators. The field 
quanta are circularly polarized spin-1 particles. The operator (32) is now 
diagonal: 


i [ee (af any - aj_ax_) (36) 


Thus the spin projection in the direction of motion (which here is chosen to 
be parallel to the z axis) is carried by quanta with positive helicity which 
contribute +1 unit and quanta with negative helicity which contribute —1 
unit (the units of course are fi). The triplet of spin states is completed by the 
longitudinal quanta (A = 3) which carry spin projection zero. The operators 
for energy and momentum remain diagonal also with respect to the helicity 
basis. Thus (26) with the use of (34) becomes 


SS [eve eG, cdma (37) 


o=—,0,+ 


Of course we could have started from the outset with circular instead of 
linear polarizations in the expansion of the field operator (1), summing over 
an index A = {—,0, +}. The circular polarization vectors (helicity vectors) are 
given by 


e (ky, = og (e*(k, 1) tie"(k, 2) , (38a) 
(KO) ee (eee (38b) 


When using these basis vectors one has to take into account that they have 
complex components. 
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RRS, ee 


6.4 Invariant Commutation Relations 
and the Feynman Propagator of the Proca Field 


Problem. (a) Derive the commutators between the field operators A“(x) and 
A” (y) of the free Proca field at arbitrary space-time points x and y. Show that 
the equal-time commutation relations (6.93) follow as a special case. Check 
whether the result is consistent with the Lorentz condition 0, AX =), 

(b) Construct the Feynman propagator of the Proca field, i-e., the vacuum 
expectation value of the time-ordered product of two field operators. 


Solution. (a) We insert the plane-wave expansion of the field operator (1) 
given in Example 6.3 and use the commutation rules (21) and (22): 


[A* (2), A” (y)] 


| “=/-&= a e#(k', A')e”(k, d) 
af 2wy (27) J y/ 20, (27)3 \,M=1 


x ([awa a emee + lal aiadial Gal) 


- — Dun (Qn)? & Se c(h, Net (k, 4) (EW) — eG). 
(1) 


The polarization vectors satisfy the modified completeness relation (6.76), 
which leads to 


A 4 d*k y kB KY -ik-(a— ik-(2— 

re. aronl = fara Co + ar er ee) 
vy ! v _ ak —ik-(z—y) _ pik-(z—y) 

= (-9" - —0"0 ) ome (c E ). 

(2) 


The Fourier integral is just the invariant Pauli-Jordan function introduced 
in Sect. 4.4: 


d°’k sink: (x — 
(uy) (3) 

(27) Wr 
Thus the general commutator between two field operators of the massive spin- 
1 theory reads 

4" (a), A” i(gt” + —sa"0") A (4) 

[A*(@), A”@)] = -i(9" + ae 

As shown in Sect. 4.4 this function for vanishing time diffference ro — yo = 0 


has the properties 


A(0",c—y)=0 (5) 


iA —4y)——-1 


and 
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=-@(r-y). (6) 


O 
pene, A = = 
on (Xo Yo, x y) 


Zo—yo=0 


The equal-time commutation relations between A and the conjugate field E 
can be easily obtained by using (4) and (6). Since £7 = 0) A° — 8° A! one finds 
for example: 


[Ai(e), B¥(y)] = 03 [A*(x), A°(y)] - 09 [A*(x) , A?(y)] 
= (-i)[ai “ata - a9 (94 + —saia!)] Awe -y) 


= —-ig" &A(z —y) 


roy ig™S3 (a —y) = —16,;6° (a —y). (i) 
The remaining commutation relations can be confirmed similarly: 
. . en ee 
[A‘(@), @)] = ig + —30'9") A@—y) 30, (8) 


[E*(2), B? (y)] 


This comes about since the spatial derivatives and also the time derivatives 
of even order of the function A(x — y) vanish in the limit zo — yo (see the 
discussion following (4.107) in Sect. 4.4). 

The commutation relation (4) can be shown to be consistent with the 
Lorentz condition 8, AH =A; 


[0,A"(x),A”(y)] = (-i)d, (9 + —,0"6") A(x — y) 


= (—a'a! — gi 90°) AG) 2308 (9) 


= (-i)=5 8" (m? +0) A(z —y) =0, (10) 


since the functionA(z — y) is a solution of the homogeneous Klein—Gordon 
equation (cf. (4.111)). 


(b) The vacuum expectation value of the time-ordered product of two field 
operators can be evaluated with the use of the Fourier expansion (1) from 
Example 6.3: 


iAp’(e@—y) := (0|T(A*(x)A"(y))|0) 
2 d3k! Ak eee 
= ls i Qu, (20 a Os (k pA Je (k, A) 


x (Ole ~ yo) eM") (Ofanry alo) 


+ O(yo — ao) et 2 FY) (Ola,, at.,, |o)) 


3 


dk 
= lman Be) e” (k, d) 


as (O(«0 —yo) eR (—) 4 O(yo—20) ea!) 
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adek it 
ated eee ace pe _ = pe 
lps: (s ao uy ) 
3 (0(0-w) e+ O(y9— a0) SD) (11) 


This expression agrees with the scalar Feynman propagator iAp(z—y) except 
for the factor — (g"” — k#k”/m?) under the integral which has its origin in 
the completeness relation of the polarization vectors. 

The Feynman propagator (11) in coordinate space can be directly ex- 
pressed in terms of Ap(x — y) by converting the k-dependent factors into 
gradient operators, k* — id#, which can be moved before the integral. This 
procedure, however, encounters an obstacle: the time derivative pulled before 
the integral will also act on the step function in (11). To compensate for this 
an extra term has to be subtracted. We have 


10) 108 [O(a — yo) ee lea y) ae O(yo — Xo) ee 
= kK (0(z0 — yo)e**(*-9) 4+ Oy — x9) case) 
+i(gt?k’ + gk") 5(20 — yo) (cay) + ea a) 
— gg’? 6'(209 — yo) (cv) - eles) , (12) 


This can be solved for the k*k” term needed in (11). The terms for p,v 4 0 
will not contribute in the second term on the right-hand side of (12) since the 
d°k integration extends over an odd function in k. This is true since the sum 
of exponential functions in k-(a—y) is even in k, since k-(x—y) = —k-(x—y) 
for Zo = yo. The integral for u = v = 0 leads to 2i(27)?67(x — y). To evaluate 
the last term involving the derivative of the delta function we use 


Clin ol Oo voy (2), (13) 


where the prime denotes derivation with respect to time zo. The d°k integral 
then becomes —i(27)°6°(x — y). Collecting these results we find for the Feyn- 
man propagator of the massive spin-1 field in coordinate space, expressed in 
terms of the scalar Feynman propagator Ar(z — y), 


iA’ (z — y) (0|7(A* (x) A” (y))|0) (14) 


1 i " 
= —(g!” +3 ana”) VAN oI Ge) ria! °64(z —y). 


The appearance of the extra term in (14) is rather unpleasant since it singles 
out the time-like components and thus seems to destroy the Lorentz covari- 
ance of the theory. In practice, however, this extra term can simply be dropped 
when one performs perturbative calculations using the Feynman propagator. 
Its contribution is exactly cancelled by so-called normal-dependent terms, 
which appear in the derivation of the perturbation series. This is further 
discussed in Sect. 8.6. 
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The Feynman propagator (14) can also be written down in momentum 
space. Using (4.136) from Sect. 4.5 we find® 


1 
SC Iona 

At’ (k) = ~*~ - i ’” 16 
((k) = (16) 
Compared to the corresponding expression (4.136) for the spin-O Feynman 
propagator the numerator contains a quadratic expression originating from 
the sum over polarizations. Furthermore, (16) again contains a “normal- 

dependent term”, which will turn out to be irrelevant, however. 


8 This result can also be obtained directly from (11), avoiding the detour to coor- 
dinate space. In the » = v = 0 term one has to be careful not to put the factor 
(k’)” before the integral since in (11) k° = w, = /k?2 +m? is a fixed number. 
However, one can use 

we _ we-ko tke ké 


Pom? tie ke—-witie Karte *° Oe) 


This identity can be inserted in the integral representation in order to transform 
the d°k integral into a d*k integral, having (16) in the integrand. 


a 
7. Quantization of the Photon Field 


7.1 Introduction 


When quantizing the massive spin-1 field within the canonical formalism, we 
encountered the problem that the 0 component of the potential, Ao(x), does 
not possess a conjugate field 7°(r) since the Lagrangian CL does not depend on 
the time derivative of Ao. This did not have harmful consequences, however, 
since according to the Proca equation the time-like component of the field can 
be expressed as a dependent quantity: 


1 


Therefore it was sufficient to quantize the three space-like components of 
the vector field, in agreement with the three physical polarization states of 
a massive vector particle. Contrary to superficial evidence this quantization 
procedure proved to be relativistically covariant (see (6.98)). 

The quantization of the electromagnetic field is more delicate since the 
photon is massless.’ In the limit m — 0 the description of the vector field 
undergoes a qualitative change. Equation (7.1) obviously can no longer be 
applied. The vector field A“(x) now contains two spurious degrees of freedom, 
which in one way or another have to be eliminated. This is related to the 
gauge invariance of the theory according to which different fields A”(x) are 
equivalent if they are related to each other through a gauge transformation. 
It is not a trivial task to ensure that the quantized field operators reflect this 
property. In fact several implementations of the canonical quantization of the 
electromagnetic field have been developed. In the following, we wili discuss 
the two most important procedures. 


1. Noncovariant gauge-fizing. As one variation of this method, the Coulomb 
gauge V - A = 0 can be used as a constraint that eliminates the unwanted 
longitudinal degree of freedom. Canonical quantization can then be carried 
through consistently and leads to plausible and correct results. This proce- 
dure, however, suffers from the lack of manifest Lorentz covariance which 
makes it rather unsuited for the systematic investigation of the perturbation 
series. Quantization in the Coulomb gauge will be discussed later in Sect. 7.7. 


2. Covariant quantization. All components of the field A“(z) are treated on 
an equal footing. The Lagrangian of the electromagnetic field is modified in 


1 The present experimental upper limit for the mass of the photon is m, < 
10°20 eV = lees. 


172 


7. Quantization of the Photon Field 


such a way that A° also obtains a canonically conjugate field. In order to 
eliminate the extraneous degrees of freedom a constraint will be imposed on 
the allowable state vectors in Hilbert space. This procedure will be discussed 
in Sect. 7.3. 


7.2 The Electromagnetic Field in Lorentz Gauge 


For the Maxwell Lagrangian (6.27) the demand for manifest covariance and 
the principle of the canonical quantization prescription are not compatible. 
One would need a term containing the time derivative of A° in order to ensure 
the existence of the canonically conjugate field 7°. It occurred to E. Fermi 
that this can be achieved by introducing an innocuous modification of the 
Lagrangian.” He added the term 


1 
f! = 7 Fy FH — 50(804°) (7.2) 


where ¢ is a parameter that, in principle, can be chosen freely. Within the 
classical framework CL’ agrees with the original Lagrangian £ provided that 
the potential satisfies the Lorentz condition 


0,A" =0. (7.3) 


The extra part in (7.2) is called a gauge-fixing term. Adding the ¢ term in 
(7.2) amounts to the introduction of a Lagrange multiplier in order to impose 
a constraint, i.e., the Lorentz condition, upon the field. We will see, however, 
that the quantized theory does not permit one to impose the Lorentz condition 
upon the field operator At! (x); it will be necessary to find a weaker formulation 
of the constraint. 

The canonically conjugate field resulting from the modified Lagrangian 
(7.2) reads 

OL! 


Tp O(a A#) = =LPltye a € 9u0(0,.A7) . (7.4) 


Provided that ¢ 4 0, A®° now also has its canonically conjugate partner 7:° 
ee (7.5) 


The Euler-Lagrange equation resulting from L' of course also get. modified. 
Using 


a1 


Dray 26004" = C gu" (0cA") (7.6) 
we obtain 
OAM ~ (1 - ()8"(8,A”) = 0. (7.7) 


? BE. Fermi: Rev. Mod. Phys. 4, 125 (1932). 
Within the classical theory the r-h.s. would vanish in the Lorentz gauge. As we will 


see, however, the four-divergence of the quantized field operator and consequently 
also the operator 7to do not vanish. 
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Within the framework of classical theory, (7.7) is equivalent to the ordinary 
Maxwell equations in the Lorentz gauge. Note, by the way, that it is sufficient 
to impose the Lorentz condition at one particular point in time. Namely, 
differentiation of (7.7) with respect to x, leads to the weaker condition 


CO(@,A°) =0. (7.8) 


This can be viewed as a Cauchy initial-value problem for the function 0, A’. 
If the Lorentz condition is satisfied at time to, 


OcA°(x,t9)=0 andalso (0,A%(a,to)) =0, (7.9) 


then the time-evolution equation (7.8) guarantees that it will be satisfied for 
all times ¢. 

If one makes the special choice ¢ = 1, or if the Lorentz condition is fulfilled, 
the potential satisfies the wave equation (d’Alembert equation) 


OA“ =0, (7.10) 


which can be viewed as the massless version of the Klein—Gordon equation, 
imposed separately on all of the four components of the vector field. 


In the following discussion we will choose the special value ¢ = 1 for the gauge- 
fixing parameter since this will simplify the calculations. It is customary to 
call this choice the Feynman gauge (sometimes also the name ‘Fermi gauge’ is 
used). For the choice ¢ = 1 the Lagrangian can be brought into a particularly 
simple form upon integration by parts in the action integral. Equation (7.2) 
can be tranformed into 


1 Vv i vy 1 Vv 
Li = -56,Ayd" AY + 50, Ad" AY — 50,A"0,A 


1 1 
= —50,A,0"A" + 56,[4,(6"4") — (0.4%) AY] . (7.11) 


The last term is a four-divergence which has no influence on the field equa- 
tions. Thus the dynamics of the electromagetic field (in the Lorentz gauge) 
can be described by the simple Lagrangian 


Y= — 5 0p AvOM AY : GA) 
The canonically conjugate field 7, belonging to A* now reads 
OL" 
= ——___ = —0°A,, . rele 
Tp O(dy A") B ( ) 
Obviously the time and space components of the A” field appear on an equal 


footing. 
The Hamilton density of the electromagnetic field reads 


i 
tae = He Og Ay, = (ee = —T Ty + 5 On AvOr Ae 


1 i 
= —T Ty + 5% Te ae 5b Avr A” 


— 50m, a0 sob AvP AY , (7.14) 
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where the index k only covers the spatial components k = 1, 2,3. Written out 
in components, this expression is 


ls k 1 0 0\2 
H= =>) (4) * + (wat)?] — 5 [(4°)? + (waA")’] (7.15) 
i=l 
Thus H” looks like the Hamilton density of four independent neutral massless 
Klein—Gordon fields. There is one essential difference, however, as the “scalar” 
part A° carries a negative sign! The Hamiltonian appears not to be positive 
definite and thus to have no reasonable physical interpretation. As we will see, 
the gauge condition will fix this problem and ensure that the electromagnetic 
field always carries positive energy. 
The canonical energy-momentum tensor is given by (7.12) 
Obs 


ort = v — (pe ph 
CMO kas 


1 
= = AOA, + 59 WA’ OpAs . (7.16) 
This tensor is already symmetrical so that no further symmetrization proce- 


dure, 90%” — T” as in (6.39), is required. 
It is easy to show that the expression for the energy density (cf. (7.14)), 


1 
@” = -9°A°a A, + ZO A’ OpAc » (7.17) 
can be cast into the familiar form 
e0 = 5(A+ wee a(V x A)? 
1 
= (6243) (7.18) 


by adding a suitable divergence term (keeping the total energy unchanged). 
This transformation relies on the Lorentz gauge condition (see Exercise 7.1). In 
contrast to (7.17) the energy density given by the expression (7.18) obviously 
is positive definite. 

The momentum density is found to be 


pi = 0" = — AO" Ag (7.19) 
or 


3 
—-) > A‘WA' + APV AD. (7.20) 
k=1 


7.2 The Electromagnetic Field in Lorentz Gauge 


EXERCISE [es 


7.1 The Energy Density of the Photon Field 
in the Lorentz Gauge 


Problem. Show that the expressions (7.17) and (7.18) for the energy density 
of the photon field in the Lorentz gauge are equivalent. 


Solution. We will show that the expressions for @°° and © agree up to a 


divergence term. The expression (7.17) reads (latin indices running from 1 to 
Oe 


eo = =o Ao Ay + 58° A? 8, Ag 
a 1 90 402 1904)? 1 0\2 ae 
= 5 ) ap Bl ) = Pines ) qr 52 A OAs ; (1) 
On the other hand (7.18) reads 
Q/00 = 5(B? + B?*) 
. i 0 0\2 i 2 
= 5(-0°A- VA)? + (Vx A) (2) 


= 5(0°A)? +(6°A)-(V.A?) 
+5(VA°? + 50 MOA; - 50M 0;4s 
The difference is given by 
X =o — 9 = (8°A)- (VA) +(VA°)? — 50° M054; - 5(°A°? (3) 


To write this as a three-dimensional divergence, the derivative operators have 
to be “reshuffled”, making use of the Lorentz condition 


0, A" =OA°+V:-A=O0. (4) 
The first two terms in (3) give, using (4), 
X,+X_ = (0°A)-(VA°) + (VA®°)- (VAY) 
= V-[(0°A)A°] — (8°V-A)A°+V- [(V.A°)A?] -— A°W? AP 
V - [(0°A)A° + (VA°) A] + A°(0°S° — V7) AP. (5) 


The offending nondivergence term vanishes since the components of the vector 
potential in the Lorentz gauge satisfy the wave equation 


C=) A] OF (6) 


The third and fourth term in (3) can be combined into 


X3+ X4 


- 50843 Cee ae pO 


= 50 [Ai(07.4;) — A;(07Ai)] - (Ai)? + =(0°A°)?. (7) 
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EOE eee eee 


Exercise 7.1 


Again the nondivergence terms vanish because of the Lorentz condition. Thus 
the two expressions for the energy density agree up to a divergence and lead 
to the same total energy. 


= SS SSS ESSE 


7.3 Canonical Quantization in the Lorentz Gauge 


After the preparations given in the last sections the stage now is set for the 
canonical quantization of the electromagnetic field. As usual we postulate the 
following equal-time commutation relations (ETCR) for the field operators 
At and i# 


[Men oe ol = igh” 63 (a — a’) , (72a) 


(AAG), 4@ oo) = be )o4 eo (7.21b) 
Weing (7.18) — —9° AH, we can write (7.21a) as 
[A" (x,t), AY(a',t)] = -igt”8(a — 2") . (7.22) 


This relation can be compared to the corresponding quantization conditions 
for the neutral Klein-Gordon field (4.5): 


[b(a, t) , 3(a", t)] = i693 (a — a’) . (23) 


The ETCR (7.21)-(7.22) apparently describe three independent scalar fields 
A(z) which are subject to the ordinary bosonic quantization scheme. The 
fourth field described by the operator A® (x), however, satisfies a commutation 
relation with the wrong sign! This is unavoidable if the ETCR are written in 
covariant form since the right-hand side must contain the metric tensor that 
contains both signs. The changed sign has substantial consequences for the 
structure of the Hilbert space of the photon field: it will be endowed with 
an indefinite metric which implies the existence of states having negative 
norm. Fortunately this turns out to be only a technical complication and the 
formalism has a meaningful interpretation if the gauge condition is taken into 
account. This will be discussed in Sect. 7.4. 

One immediately observes that the Lorentz gauge condition 0,A" = 0 
cannot be carried over to the field operator A“(<), 


sete) 210 (7.24) 


Using the ETCR (7.21)-(7.22), we find the commutator of 3, AM (a2, t) with 
the field operator A” at the space point a’: 


[3,.A* (a, 1) ; Av (a',1)| = [04° +V-A(a,t), A’(2', t)| 
=— [a (x,t), Ar (2',t)| a Ve | A(z,t) ; Av (a',1)| 


=i9 Se — 2) 0 (7.25) 


7.3 Canonical Quantization in the Lorentz Gauge 


Wee 


Therefore the divergence 0, AM is an operator which certainly does not vanish.* 
Thus we have found that canonical quantization and the Lorentz gauge condi- 


tion for the field operator are not compatible! The resolution of this dilemma 
will be given in Sect. 7.4. 


7.3.1 Fourier Decomposition of the Field Operator 


To characterize the quanta of the electromagnetic field, viz. the photons, the 
operator A*(a) can be expanded into plane waves. This discussion can be 
kept short since it largely coincides with the treatment of the massive vector 
field, which was discussed in Example 6.3. 

With the polarization vectors of Sect. 6.4.2, the Fourier expansion of the 
field operator reads® 


A¥ (a) = = | RU (we’ (Eien nal ec"(ke wie wae (7.26) 


Note that w, = ko = |k| because of the vanishing photon mass. In contrast 
to the case in (1) in Example 6.3, the summation now runs over all four 
polarization states \ = 0,...,3. The reduction to the two physical degrees of 
freedom (transverse photons) will follow later. 


If we use (7.26), the canonically conjugate field 7” = — A" is given by 


T(z) 


Tae See “> 
x (Gun et(k, Ae — af, e(h, A) el). (7.277) 


The commutation relations for the operators @, follow from the ETCR (7.21) 
when we use the inverse Fourier expansion (see (13) in Example 6.3) 


SEA 
Gk = gx [ee A"*(k, A) Oo na) : (7.28) 


This leads to 


ap =1 
a = 


and a similar relation for at ,- A simple calculation as in Sect. 6.4, using (7.21) 
and (7.22), leads to 


eae el = ok —— k) QyrxgGrx'n' e4(k, ren(k, A) ; (7.30) 


which exactly agrees with (19) in Example 6.3. The orthogonality relation of 
the four-dimensional polarization vectors (6.62) 


c#(k, d (4 (2 ) - iw, A, (2)) (7.29) 


4 Compare this to the relation analogous to (7. 25) for the massive Proca field. In 
this case the commutator vanishes as shown in (10) in Exercise 6.4. 

5 Here we assume the polarization vectors to be real valued. The generalization to 
complex polarization vectors ¢” (circular polarization) is obvious. 


178 


7. Quantization of the Photon Field 


leads to 

[av Gh.) = ga d3(k! — k) . (7.32a) 
Similarly one derives the remaining commutation relations 

[amr nr) = [Gh Aha] =0- (7.32b) 


For the polarizations \ = 1,2,3 these relations agree with the correspond- 


ing result for the massive vector field: (21)—(22) in Exercise 6.3. In contrast, 
the operators for the new “scalar” polarization (A = 0) satisfy commutation 
relations with the wrong sign. 

Using (7.32), we can be easily express the Hamiltonian of the electro- 


magnetic field in terms of particle-number operators for photons at arr. The 
integral over the quantized normal-ordered Hamilton density (7.14) reads 


H= |x H(x) = -5 forrr(orn, + VA"-VA,)3. (7.33) 


The Fourier expansions (7.26) and (7.27) imply 
at = 1 fats [ dk! i dk 
2 af Quy (27)3 J 4/2we(27)3 
3 


x So et(h!, Ney (k, A) (wy we +k! - k) 
AN =0 


“a ad pa l . a “a j a . 
x (aw ann @ ee! SP alain ell’ ae 
aA nw = i . ad “a i a . 


The integration over x yields a delta function (27)*6°(k' + k). Therefore 
the factor wy w, + k'-k > wi =k? vanishes for the upper sign. Using the 
orthogonality relation (7.31) of the polarization vectors we finally obtain 


3 
= [ako S(—gaa) ay Ger 


A=0 


3 
[ove Wk es alan = ilyao : Cage) 


A=1 


Similarly from (7.20) the momentum operator is found to be 


Dz [eorArva,: 


3 
i dk k (> Os Gre, = ilgaro) (7.36) 


A=1 


Now one might attempt to interpret ae and @,) as creation and annihila- 


tion operators of four different types of photons. This poses no problems for 
the transverse (A = 1,2) or for the longitudinal (A = 3) polarization states, 
but the “scalar photons” (A = 0) cause trouble. 
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The problem becomes evident if one tries to construct the Fock space for 
photons. Let us assume that a vacuum state |0) exists which has the property 


@x,|0) =0 for all k,A (7.37) 
and is normalized 
Oe (7.38) 


As usual the eigenstates of the occupation-number operators can be con- 
structed by applying the creation operators at, to the vacuum.® The state 
vector containing nz,, photons reads 


bai 


tex) = aaa (ae io em (7.39) 
The norm of the one-photon state is 
(laa[taa) =  (Ol@ardzy|0) = (0| — gnad9(k — k) + a,x, |0) 
= —916°(0)(0|0) . ae) 


Thus the norm of the state containing a scalar photon is negative! 


Remark: The presence of the delta function 5°(0) signals that (7.40) is divergent. 
Of course this has its root in the expansion of the field operator into plane waves 
that extend over an infinite volume. Using the box normalization we would have to 
replace the delta function 6°(0) by dz,. = 1 (with discretized vectors k). In order 
to work with strictly normalizable states in the continuum limit the momentum 
eigenstates have to be smeared out by constructing wave packets. The one-photon 
state is then replaced by 


ee Jee Fy(k’)al,,[0) , (7.41) 
where F,(k’) is a smooth “smearing function”. The detailed form of this function 


is not important, provided that it is concentrated at a mean momentum k and 
normalized to unity: 


Jee [F.(k')[? =1. (7.42) 
With this language, (7.41) becomes 


(Te |dle a) 


[ew d°k' Fi (k") F(R’) (—9.26°(k" — k’)) (0]0) 


Soe [ae RG RO) 
—9r(0|0) , (7.43) 


a result which also could have been obtained by using the simple box normalization. 


Similarly one finds that the energy of a photon, defined as the expectation 
value 


(1.x |H|1e,a) = Wk Ga les,) ; (7.44) 


6 For simplicity we restrict our attention to a single field mode k, 4; the treatment 
of several modes would only clog up the notation. 
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becomes negative for the scalar polarization 4 = 0 owing to the negative value 
of the norm. 

In general the action of the ladder operators @ and 4@' on an N-particle 
state is given by (using box normalization) 


Gk» \nk,2) = (—9a)/ne,r |rx,a —1), (7.45a) 


Jng,a +1|nx,, +1). (7.45b) 


Asin Chap. 1 these results can be immediately deduced from the commutation 
relations. The sign factor in (7.45a) has the consequence that the number 
operator for “scalar photons” (A = 0) obtains a minus sign: 


an |nx,a) 


fiz, =Gl,Gx, for \=1,2,3, but feo = —@lodixo . (7.46) 


As a consequence the eigenvalue of the Hamiltonian is positive even for a 
scalar photon: 


A |1k0) =+wry tro |1%0) =+W,E. (7.47) 


However, the expectation value of the energy is negative owing to the indefinite 
metric.” 


7.4 The Gupta—Bleuler Method 


The theory of the quantized photon field developed up to now is obviously 
missing a vital ingredient. Apparently arbitrary amounts of energy could be 
gained by creating “scalar photons”. In reality, of course, only transverse 
photons are observed in experiments; the scalar and longitudinal photons 
are mathematical constructions that have to drop out in the calculation of 
observable quantities. It is the Lorentz gauge condition we have not yet taken 
into account that takes care of the problems. As shown in (7.24) the Lorentz 
condition cannot be enforced as an operator identity. Instead we will use it as 
a condition for the state vectors in Hilbert space |). Only those state vectors 
are admitted for which the expectation value of the gauge condition is satisfied: 


(9| 0" A,(x)|) =0. (7.48) 


Instead of (7.48) we will use a somewhat stronger condition, which is cast in 
the form of an eigenvalue equation. We split the field operator into two parts, 
the positive- and negative-frequency parts A“) (x) and A(~) (x), which consist 
of annihilation and of creation operators, respectively: 


A(z) = A) (a) + AO) (a) , (7.49) 


7 One could attempt to exchange the role of the @ operators, interpreting Gko as a 
creator and al, as an annihilator of photons. This was the procedure that led to 
a successful interpretation of the negative-energy solutions of the Dirac equation. 
In the photon case, the problem of the negative norm might be circumvented in 
this way. However, because of the bosonic quantization the expectation value (and 
now also the eigenvalue) of the energy of a scalar photon would remain negative. 


7.4 The Gupta—Bleuler Method 


where A(+)t = A(-). This splitting, by the way, is relativistically invariant. 
Now the following condition for the annihilation part of the Lorentz gauge 
constraint is postulated:® 


6" ACH (2)|S) =0, (7.50) 
and the corresponding adjoint condition 

(S| 0" AT) (x) =0. (7.51) 
Obviously (7.50) and (7.51) are sufficient to guarantee (7.48) since 

(5|d" A, |©) = (6|[0" AG |6)] + [(f|a" A] |S) =0. (7.52) 


The theory of the quantized electromagnetic field, described in terms of a 
Hilbert space with an indefinite metric and with use of the constraint (7.50) on 
the state vectors, was first suggested by S. Gupta and extended by K. Bleuler.® 
Here we will not explore this formalism in its mathematical details but will 
discuss only its main features. 

What are the consequences of the constraint (7.50) in terms of the photon 
creation and annihilation operators? Using the positive-frequency part of the 
field operator expanded according to (7.26), we find the constraint 


| pee aelace a k + e(k, X) @ex|%) =0. (7.53) 
af 2w,,(27)3 = 

This has to hold for all Fourier modes so that the sum over polarizations in 
(7.53) has to vanish. The consequences of this become clear if we recall the 
four-dimensional transversality properties (6.82) and (6.83) of the polarization 
vectors, which read k- e(k,1) = k- e(k, 2) = 0 and k- e(k,0) = —k- €(k, 3). 
Thus (7.53) implies the constraint 


Lx |f) = (xo — 4x3) |S) =O for all k (7.54) 
and similarly 
(B| Li = (| (Go — hs) = 0- (7.55) 


This condition provides a link between the longitudinal and the scalar pho- 
tons. Obviously the equations (7.54) and (7.55) imply that the expectation 
values of the numbers of longitudinal and scalar photons are equal for each 
admissible state |): 


(| ai ano |f) = (G| afGns |) - (7.56) 


In this way we get rid of the problem of negative energies in an elegant way. 
The expectation value of the energy accoding to (7.35) is 


8 The more intuitive condition 0” An |e) = 0 does not work. Even the vacuum state 


leads to ar AS? |o) # 0, since AD) consists of creation operators. 


9S. Gupta: Proc. Roy. Soc. 63A, 681 (1950); 
K. Bleuler: Helv. Phys. Acta 23, 567 (1950). 
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(0A |2) (ala yeun |) + (2 alytas — alta [2)) 


[ve wr ( 
Sil 


fore Wh roe : (7.57) 
d=1 


Thus only the transverse photons make a net contribution to the energy. The 
negative energy of the scalar “pseudo photons” is exactly cancelled by the 
opposite contribution from the longitudinal photons! The same effect will 
hold true for the other observable quantities, in particular momentum and 
angular momentum. 

When constructing the Fock space of photons, one has considerable free- 
dom: all states having the same configuration of transverse photons are phys- 
ically equivalent even if they differ in the admixture of longitudinal and scalar 
photons (which cancel each other). As we will discuss in more detail in Exer- 
cise 7.2 this is a consequence of the gauge invariance of the electromagnetic 
field. 

A a state vector in Fock space |®.) can be expressed by the ansatz 


I= (7.58) 
where |@r) is a state which contains only transverse photons. The operator R, 


creates the admixture of longitudinal and scalar pseudo photons. Its general 
form is given by 


R,=1+ [ove e(k) Li + [ove dk! ck ok i) eee (7.59) 


where the creation operator Jol has been defined in (7.55). The admixture 
coefficients c(k ) etc. can be freely chosen. The ansatz (7.59) is motivated by 
the observation that the commutator of L, and on vanishes: 


[Le ; 6 HI = [ako = Gx3 ’ ane a? fhe] 
= [ax0, ao] tg [axs, ab] a [axs, dio] i“ [ano, ays] 
= -&&(k—k')+8(k-k')=0. (7.60) 


In this way the validity of the constraint (7.54) is guaranteed for arbitrary 
states (7.58). Since the operator R, consists of products of operators a it 
will commute with lie Asa eouseanence 


i, |6.) = Ly Re |r) = RL, |Sr) =0, (7.61) 


because |®7) does not contain pseudo photons and thus trivially satisfies the 
gauge condition: 


ix|fr)=0 , (Sr|LhL=o. (7.62) 
Equation (7.60) also leads to the commutators between Rt and R, vanishing: 
Pie ee] =o (7.63) 


for arbitrarily chosen sets of admixture coefficients c, which also may be dif- 
ferent. As a consequence the norm of a state, and more generally any scalar 
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products of states, is determined solely by the transverse sector of Hilbert 
space: 


G., |G.) = (Sp |RLR. |Or) = (G7 [RRL |S) = (Sr |Sr). (7.64) 
ro photons do not contribute to the norm. 

The states |.) defined in (7.58) for a given |@7) form an equivalence class. 
For simplicity all the coefficients c can be set equal to zero and |®7) can be 
used as the representative of this class. Thus effectively the pseudo photons 
can be simply ignored. As shown in Exercise 7.2 this corresponds to a special 
choice of the gauge of the electromagnetic field. 

The situation is depicted schematically in Fig. 7.1. The large box corre- 
sponds to the full Hilbert space of photon states, most of which, however, are 
unphysical (shaded region) because they do not respect the Lorentz condition. 
The admissible space (unshaded) contains gauge-equivalent classes of states. 
In the figure they are symbolized by the fibers emanating from the thick line, 
which corresponds to a special choice of the gauge. 

To close the discussion a word of caution is 4n order. The restriction to 
transverse photons is justified only with respect to photons which asymptot- 
ically are observed as free particles. When dealing with intermediate states 
(virtual photons) the longitudinal and scalar degrees of freedom are of impor- 
tance and have to be taken into account. This will be analyzed in Sect. 7.4 in 
the context of the Feynman propagator for photons. 


RRNA SSS 


7.2 Gauge Transformations and Pseudo-photon States 


Problem. Show that the state vectors |@,) and |@7) in (7.58) differ by a 
gauge transformation. Show that the expectation values of the potential are 
related by 


(®, | Au(z) ) |e = = (| A,(2) ea) A(x ) |@r) = = (| A,( (x) |Sr)+0, A(x) (1) 
and derive an expression for the function A(z). 
Solution. The state |@,) is defined by 
|f.) = Re|fr) (2) 


with the creation operator of a “pseudo-photon” configuration 

ie =1+ [ae c(h) EL + fareate’ ek, k)ELEL +... , (3) 
where ilps = Gipo — G3. We have to evaluate 
AS (2) = (tr|(1+ faree (ict. JA A,(2)( )(14 fateo(h) k) it + ...)|@r).( 4) 


To simplify this expression the operator Ly can be sp omnuvatet to the right 
so that it acts on the state |®7) and similarly for I} which is moved to the 
left. Then the constraints 


Fig. 7.1. Symbolic pic- 
ture of the Hilbert space 
of photons. In the shaded 
region the Lorentz gauge 
condition is violated. Sta- 
tes on the same fiber (thin 
lines) are gauge-equiva- 
lent 
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Exercise 7.2 


ip |Sr) =Q and (fr iol al) (5) 


can be used. It is evident that the commutators [£,, A,] and [A,,, Li] are pure 
c numbers since L and A are each linear combinations of photon creation and 
annihilation operators. Since also 


[res eh (6) 


it is obvious without a detailed calculation that the terms of higher order in 
(4) do not contribute. Thus we are left with 


a 


(6) A, (2) |G.) = (Gr| A(x) |Gr) + (Gr| [d?k c(k) [Ayu(a), Lf] |Px) 


+(Gp| [dbk c*(k) [Le Ay (2)] |Se) - (7) 


The commutators in (7) can be readily evaluated using the Fourier decom- 
position of the field operator (7.26) and the canonical commutation relations 
(7.32). From 


[@er. Lt) = [Bear, aby ~ Gig] = —6°(k — k’) (20 — 23) 
= -—67(k—k’') (yo + 63) (8) 
we obtain 
: & dk! ee ; 
Bee —— ee ae 
2w (273 = 
1 ae 
[Sse €u(k, A) (9) 
Quy, (27) = ‘ 
and similarly 
oar 1 : 
[Li , A,(2)| = -—==—= e** eh Oe (10) 
. 2w;,(27)3 a - 


The sum over polarizations can be rewritten using the explicit form of the 
polarization vectors (6.78), (6.81) (for k? = 0) 
k-~n(k-n) 


D2 elke.) = (be, 0) + €(k, 8) = m+ 


1 
= nt 
d=0,3 ken 


Thus the sum is proportional to the four-momentum vector k,. Then the 
extra term in (7) becomes 


— (f7|fr) Seo ae ky (elk) en at ca(k) ec mclie (12) 


Since the integrand contains the factor k,, (12) in coordinate space can be 
written as the gradient of a function A(z). This proves (1) with a real-valued 
gauge function 


; d? é 
=-l acs, amt (c(k) Cae oa c*(k) ce) : (13) 


Because k* = 0, (13) is compatible with the Lorentz condition 0" A,, = 0 since 
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DA(x) =0. (14) 


The gauge function (13) does not depend on higher terms of the expansion 
(3) with coefficiens like c(k,k') etc. Such terms will enter when one studies 
the gauge transformation of more complex functions, such as products of the 


type A,,(x)A,(y). 
SSS SSS SS SSS SS SSS? 


7.5 The Feynman Propagator for Photons 


The Feynman propagator for the massless photon field can be obtained in a 
similar way as its counterpart for the massive vector field. The second line 
of equation (11) in Exercise 6.4 can essentially be taken over. However, now 
the A summation extends over the full set of four polarization states and it 
contains a sign factor —g originating from the commutation relations: 


iD#” (x — y) (0|T (A*(2).A” (y)) |0) 


2 La (So-aundet(&, 29", 2)) 


A=0 


x (O(c —yo) e+ O(yo — a0) a) (7.65) 


The name Df” instead of Af” is used for the massless propagator. The \ sum- 
mation just corresponds to the completeness relation (6.83) of the polarization 
vectors 


3 
S> gar et(k, A) €”(k, A) = gt” (7.66) 
d=0 
Thus using (4.136) we obtain 
Vv d*k —ik-(2— v 
Den) / Gay © (2-9) D4” (k) (7.67) 
with the momentum-space Feynman propagator 
a7) = 7.68 


Remark: Equation (7.68) is the photon propagator in the “Feynman gauge”, 
i.e., it is valid for the special choice of the gauge fixing parameter (=e the 
general result looks a bit more complicated: 
= = bEY 

Sia A (7.69) 
k? + ie C (k? + ie)? 
This will be derived in Exercise 7.3. As well as the Feynman gauge, the spe- 
cial case ¢ — 00 also enjoys popularity. The propagator (7.69) in this limit 
becomes 


DEY (k) = 


7 ke ky — Gee 


185 


Exercise 7.2 


186 


7. Quantization of the Photon Field 


and has the useful property of being transverse in four dimensions, 
ky Dt’ (k) = 0, which is useful for some calculations. This choice of the pa- 
rameter ¢ is called the Landau gauge. 


The photon propagator could only take on the simple form (7.68) because the 
summation in (7.66) was not restricted to the “physical” transverse polar- 
izations but extends over all four polarization states. To get a better under- 
standing of this we will inspect the contributions from the degrees of freedom 
of the electromagnetic field separately. We write (cf. the polarization vectors 
(6.78) and (6.81)) 


2 


Di’(k) = we (D eal, d)ev(h, 2) 


2 
k2 + ie ran 


+ €u(k, 3)e,(k, 3) — €,(k, O)er(k, 0)) 


1 
= ig( (k, A)eL(k, A) 


(ku —My(k-n))(ky —nv(k - n)) 
a (kone — BP 7 ra) 
1 k? Tet 


= greg ( Late aets A) + (k-n)? — k2 
kuky —(k ee 
(eon) — k2 


Here the contributions of the longitudinal and scalar photons have been 
suitably combined to arrive at the following decomposition of the propagator: 


Dp" (k) = DF (trans) (k) cs DF (Cou) (k) 7 Dri (resid) (k), (7.72) 


with the transverse part 


+ aera 


2 


: yc (e Aleka), (aaa) 


DOF (eeeue) (k) = k2 +ie é 


the Coulomb part (the k? factor drops out here) 
Tye 


De(cout)(*) a (k ; n)? Lye (7.74) 
and the remainder 
: 1 kyky — (kuny + kyny)(k > 1) 
a = o B y 
Di (resiay *) = Faye ao ae (7.75) 


The Coulomb propagator (7.74) is particularly interesting. In the special 
Lorentz frame where the time-like reference vector n reads n = (1,0,0,0) 
we have 
v 6 obv0 
DF (coun (*) = ik |? : (7.76) 
This is just the well-known Fourier transformed Coulomb potential! In coor- 
dinate space we find 
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y dk 2 ‘ 
DF (cout) (& —y) le eik-(e—-y) pH 


(2ay)\* F (Coul) (k) 
r dk eik-(z—y) 
= kdmaainoin = 
(Zo — Yo) u04v0 Qn (ke 
4(x0 — Yo) 


Pera (7.77) 


6.06v0 
This propagator describes an instantaneous static Coulomb interaction. It cou- 
ples only to the 0 component of the electromagnetic current, i.e., to the charge 
density. Thus the Coulomb interaction arises from the combined exchange of 
longitudinal and scalar photons. Leaving out these degrees of freedom from 
the polarization sum would remove the effects of the Coulomb interaction. 
By simply using the covariant photon propagator (7.68), however, one auto- 
matically takes into account all four types of (virtual) photons, including the 
Coulomb term. 
The role of the remainder term (7.75) has yet to be clarified. The terms 
in DF (resi ay (K) are proportional to the momentum vector k” or k”. The elec- 
tromagnetic field couples to conserved currents which satisfy 


a (Gr) = 10 or an On (7.78) 


Therefore the scalar product of DF (resi a) (k) with a conserved current produces 
a vanishing result. As shown in Chap. 8 the electromagnetic interaction of two 
(transition) currents j“) (x) and j'?)(y) is described by 


e i ay i dte j(y) DEY(y — 2) j (2) 


den. , ; 
= fo HP)(—8) DEBI). (7.79) 
We conclude that the residual term does not contribute in the calculation of 
observable quantities and thus it can be simply left out. The same argument 
also applies to the gauge-dependent extra term in (7.69). 

In Fig. 7.2 the interaction between two charged particles is depicted us- 
ing the language of Feynman graphs. According to the decomposition G2), 
transverse as well as “Coulomb photons” are exchanged. Note, however, that 
this separation depends on the gauge and on the frame of reference. A well- 
defined unique result is obtained only by adding up the contributions. 


D P D Ei ar) Decoul) 
= + @eeoeevveen 


Fig. 7.2. Decomposition 
of the electromagnetic in- 
teraction (wavy line) into 
an exchange of trans- 
verse photons (wavy dou- 
ble line) and “Coulomb 
photons” (dotted line) 
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7.6 Supplement: Simple Rule 
for Deriving Feynman Propagators 


The systematic derivation of results like (7.69) from the vacuum expectation 
value of time-ordered products of field operators may be somewhat laborious. 
There is a simple shortcut, however, by which the Feynman propagator can 
be directly read off from the Lagrangian of a theory. 


e The Feynman propagator in momentum space is obtained by in- 
verting the Fourier-transformed differential operator contained in 
the Lagrangian. 


We check this explicitly for the various cases discussed so far. The Lagrangian 
for the Klein-Gordon theory 


il 
£ = 50,60%d — mig? = =dD(a)¢ (7.80) 
contains the differential operator 
+> 
DG) —0,,07 =m = (7.81) 


= a 
If we make the changes 0*— —ik* and 0, — +ik,, this leads to the multipli- 
cation operator in momentum space 


Dk) =k? aan (7.82) 
The Feynman propagator in momentum space is simply obtained by inverting 
this 


DA =o) = 


k? —m? + ie ’ 
where the poles are shifted as usual by adding a small negative imaginary 
part to the mass in order to satisfy the causality condition. 

The Feynman propagator for Dirac particles Sp(k) discussed in Sect. 5.4 
is obtained in the same way. 

For the Proca theory described by the Lagrangian 


(7.83) 


= 1 ae m? reel gee z, 
the differential operator reads 
«-> +O ; 
Die) — Grp 0,01 OO net it Oa (7.85) 


In momentum space this leads to 
Dia =G.9\ kon ake koe (7.86) 


It is easily verified that this matrix is inverted by the Proca Feynman propa- 
gator (16) in Exercise 6.4 (leaving out the noncovariant extra term): 


—g"" + Ak’ k? i 
(-Snu(k? —m?) + bake) (SEE) = oy 


In the case of the Marwell Lagrangian (7.2) with the gauge-fixing term 


(7.87) 
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= ~ 7 Fy Bh - 5¢(004°)” ' (7.88) 
the differential operator is given by 

Doon a + 0.0 < 8), 4, , (7.89) 
and in momentum space we get 

Dy(k) = —guvk? + (1 — Cheuk - (7.90) 
To construct the inverse matrix we make a general symmetric ansatz 

Dee ACR Ng? BK he. (7.91) 
Requiring that 

Dyv(k)D**? (k) = gv? (7.92) 
and comparing the coefficients, we get the conditions 

AG) (7.93a) 

Ge Bk y= (C=1) Atk’). (7.93b) 


In the case ¢ = 0 these equations are not compatible. Without the gauge-fizing 
term the matriz Duv(k) cannot be inverted (since the determinant vanishes) 
and the Feynman propagator cannot be constructed. If ¢ 4 0, however, no 
problems arise and the system of equations (7.93) is solved by 

1 Cul a 

al 26 — = 7.94 
R22 ’ ( ) ¢ (k2)2 ( ) 


which leads to (7.69) after a suitable shifting of the poles. 


BRPRIKS.E 


NOE = 


7.3 The Feynman Propagator for Arbitrary Values 
of the Gauge Parameter ¢ 


Problem. In Sect. 7.5 the special value ¢ = 1 (the Feynman gauge) was 
chosen for the gauge-fixing parameter from (7.2). Work out the generalization 
to the case of arbitrary ¢. 

(a) The equal-time commutation relations (7.21) and (7.22) are modified as 
follows 


2), a = 0, (1a) 
[A (a, t) ee 3) = ge mas ca5) 6° (a — a’) , (1b) 
A¥(x, t) AY (2', 2 ae fot HO gue 1 gO ouk) 6.6°(a@ — a’). (1c) 
G 


(b) The Feynman propagator solves the inhomogeneous wave equation for a 
unit point source: 


(Gg, + (6 — 1)0"8,) DE" (@— y) = gh? (x — 9). (2) 
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(c) The Feynman propagator in momentum space reads 


. —gt¥ ¢€-1 khkY 
DE’ (k) = = 4+ 2 3 
Ades ame Ems (3) 
Hint: The derivation of (3) from the properties of the field operators in coor- 
dinate space is quite involved. It is useful to split the field operator into two 


paris.” 

A, (a) = A, @) + Onx@) (4a) 
where 

ee) = S45 (aodla) - 5A) (4b) 
with the abbreviation 

A(a) = 0, A"(a) . (4c) 


Solution. (a) If the gauge-fixing parameter is ¢ # 1 the Lagrangian (7.12) is 
changed to 


Ll = — 50,Avo" AY - == a4")? | (5) 
The canonically conjugate field becomes 
t, =A, — (6 - 1)9400"Ay . (6) 


This equation can be solved for the time derivative of the vector potential. 
The space and time components look quite different: 


At=-7' ‘ i 7 
Z zo (7) 

which can be combined into 
Ai = —at + gi 2 = (a — 8, AP) : (8) 


With this result the time derivative is replaced by the canonically conju- 
gate field and subsequently (after quantization) the ETCR (7.21) are used. 
Equation (1a) coincides with (7.22). For (1b) we find (the prime denotes the 
argument(a’, t)) 


(Au, Av] = —[a", A” a gto i i [#°, A”) -_ gos z ay Ley 
= ig" 5%(@ — a!) —i gig"? £=— 6%(e — 2") 
: v Sl v 
= i(g" - 99 ) (a = 3G) (9) 
Similarly the commutator (1c) reads 
[4", 4] = ot ada] 
= je ( BOGE: gg") Ar (a — o \e (10) 


*© B. Lautrup: Mat. Fys. Medd. Dan. Vid. Selsk. 35, no. 11 (1967) 
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(b) The classical field solves the differential equation (7.7). The same equation 
also applies to the field operator, i.e., 


(Cg*, + (¢ — 1)0"0,) A” =0. (11) 


To verify this we first derive the Hamilton density belonging to (5). Instead 
of (7.14) it reads 


= an A pe! 
ts 1 =] 
— 5 Ty IP OAL OA’ + ra = yA’)? dj (12) 


The Heisenberg equation of motion for the field operator A° using the quan- 
tized version of the Hamiltonian (12) and the ETCR becomes 


“A 


AD = Si (4°, A] 


fer (aA°a" = — Bp oe oan ind!) (a = 


i = jl A = z 
Soo al — Bier Ae = a APA ; (13) 
which can be written as 
a es yeh ee (14) 


The equation of motion for the space components can be derived similarly. 
To obtain the differential equation for the Feynman propagator, the latter 
is rewritten as 


iDe (@—y) = (0|T (A(x) A? (y)) {0) 
= 5(0|{4"(z), A°(w) 0) 
+5e(=m ~ vo){0|[4"(x), 4° ()]|0) - (15) 


The first term in (15) vanishes if the differential operator (11) is applied. 
The second term leads to contributions that arise from the action of the time 
derivative on the sign function €(%o — yo): 


5000%e((%9 — yo) (0|[A*(x), A (y)]|0) 
= a (6(0 — vo)(0|[4¥, A°]|0) +5e(0 ~ yo) 0{2°4", 4°] 0) ) 
aT 
= 6(0 — wo)(0|[0°A", A7][0) + 5e(r0 ~ 90)(0|[00°4", A°] 0) (16) 
and further 
£9" ave(20 — w)(0|[4", A") a 
= 98(a0 — vo)(0|[a4”, A°]]0) + Se( ro ~ 40){0|[9%8,A", A*])) . 


The combination of both extra terms with the help of (6) and (7.21) yields 
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5(x0 — yo) (0| [aA + g#°(¢ — 1)d,.A”, A7]|0) 
= 6(x0 — yo){0| — [#*(x), A7(y)]|0) =i gt? 6¢@ — y) . (18) 
This proves (2). 
(c) We have to construct the Feynman propagator 
De @ =—s) — OG, — xo) (0| A" (2") A” (x)|0) 
+O(xo — 29)(0|A” (x) A" (2')|0) . (19) 


An attempt to evaluate the vacuum expectation values in the accustomed 
way, as in (7.65), meets with problems. To wit, when the field operator is 
expanded into eigenmodes according to (7.26) it is found that the coefficients 
Gy and at , do not satisfy the usual commutation relations characteristic for 
creation and annihilation operators. In particular, the 4, do not all commute 
among each other (the troublemakers are the longitudinal and scalar photons 
A = 3 and \ = 0). It is not possible to construct the Fock space in the usual 
way and (19) cannot be evaluted. 

This problem can be circumvented if the field operator is split up as in 
(4a)-(4c). We will find that the gradient term in (4a) is constructed such 
that the remaining field operator At (x) has the properties known from the 
Feynman gauge (¢ = 1). 

Let us first consider which equation of motion is satisfied by the auxiliary 
field ¥(x). The application of the d’Alembert operator leads to 

OX = (&*-A)xX 
156 ania dat) - 


Now the Lorentz gauge function A(z) according to (7.8) satisfies the homoge- 
neous d’Alembert equation 


BS 


(codoA es 54) (20) 


DA=0 or &?A=AA. (21) 
Thus equation (20) is simplified considerably: 

ga Clay. (22) 
The equation of motion of the original field A, reads 

ua): Von oat (eee) Ys 90 Watt (23) 


If the decomposition Ay = AY + 0,xX is inserted the A term is cancelled 


because of (22). Thus the field AE satisfies the same equation of motion as in 
the case of the Feynman gauge: 


En = oP (24) 


Furthermore, the ETCR have the same form as in the Feynman gauge. For 
example we consider (the index 0 designates equal time arguments) 


(Ant), AE @'g = [Aw At] - [nx Ab], 
—[Ay, 2] 4+ [8X O2'], (25) 
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This can be reduced to the commutators between Jy and/or A, In an in- 
termediate step the commutators of A and A among each other and with An 
and A, are required. For example using (1a) and (1b) we find 
Kah) eats ae 
[A, Ay] = [8°Ao, Ay], + O* (Ax, Ai], 


= i( gon = a7 Joo 90,.) (a2 —2') =i cs Jon O° (2 —2'). (26a) 


¢ 


Similarly one finds 
fae ml ' , 
[A, Alle =-j c Guk ok K(x —-2x ) (26b) 
and 


[A, A’], = 0. (26c) 


To evaluate the commutators of A we use the equation of motion (23) for 
jt = 0 and (4c) to express this operator as 


i = (Ag +O,A*) | (27) 
One finds the following commutators 

[A, 7 = 5 ae O* O(a — x’) , (28a) 

[A, A, = 12 90d (x2 —2'), (28b) 

[4,4], = [4,4], =0- (28c) 


Using (1), (26), and (28) it is not difficult to evaluate the commutators on the 
right-hand side of (25). As announced earlier all terms that depend on the 
gauge-fixing parameter ¢ are found to cancel, leaving the result 


[AE (c), AP (2!)], = igus 6°(a — 2") (29a) 
as in (7.22). Similarly one finds 
era Ge). - (a) Aa) =o. (29b) 


Because of (24) and (29) the field AP has the usual Fourier decomposition 
(7.26), i.e., (with the abbreviation Nz = ((27)?2w,)~1/?) 


3 
AF¥ (x) = [erm Be é#(k, d) (ai ev iket ain ats (30) 
A=0 
with the creation and annihilation operators 
[anx, 4b] =—gvad%(k'—k), [Gar av, dea] = [4h fy] =0- (31) 
For the Fourier decomposition of the gauge funtion A(z), we make the follow- 


ing ansatz: 


‘a ll fa ‘ x : 
A(e) = [ove Ny ive z(h ce eet? | (32) 
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The operators Jp and Mi obviously are constant in time (as were the ax), ah ») 
since A(x) as well as e u(2) (but not A,,(x)) satisfy the d’Alembert equation. 
There is a simple relation between the two sets of operators: using (22) we 
find 


A 


OHA, = OMAR + OR = "AN + (1-Q)A (33) 
Or 


a It “ 
A= cra, (34) 


The four-divergences of A,, and AY are thus seen to agree up to a numeri- 
cal factor. If (34) is applied to (30) the Fourier decomposition of the gauge 
function becomes 


5 38) 
A(x) = [ove Nee S > kMeu(k, d) (ana ee an, alae ; (35) 
x=0 


According to (6.82) the polarization vectors for \ = 1,2 satisfy the four- 
dimensional transversality condition and (35) is reduced to 


A(c) — [een -(k 4 n) ( (as = ano) e ike = (Gu San a) ena) ; (36) 


If the auxiliary vector n“ for simplicity is chosen as n“ = (1,0) a comparison 
of (32) and (36) yields 
eet , Mado an,. (37) 


This leads to the commutation relations 


female aoe re (38a) 
ss Ar] = Re , 4&x] = (9x3 — 9n0) oF —k), (38b) 
[ana, de] = [Ghy, Ah] =0- (38c) 


Using (32) it is now easy to write down the Fourier decompositon of the extra 
term present in the field operator (4a): 


es i! 
Ory = 10; ar [ok Naive 
™ (iano - 1) Ap eth + (iwp_pay — 1)\le gt | : (39) 


The inverse Laplacian 1/A in momentum space reduces to a simple algebraic 
factor 1/(ik)? = —1/w?. Keeping in mind that in the case ps = 0 the gradient 
O,, also acts on the xo terms, we obtain 


; Tae 1 oni 
a = fates [(-ergio + Geto + Phy) ine 


+ (+wiguo + (wero — 4)k,) AM eti® ee (40) 


Now it is an easy task to calculate the Feynman propagator from its definition 
(19), expressing the field operators by the sum of (30) and (40). The vacuum 
is required to satisfy the conditions 
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es (0) =e SB i/O)—0- (41) 


The vacuum expectation value obtains nonvanishing contributions from the 
commutators (31a) and (38b), leading to the result 


(0|A"(2')A”(x)|0) = [ow d?k Nur Ny 6°(k! — k) ei* (2'-2) 


Ms by e#(k', X')e”(k, A) (—gyy) 


Wr 
ae 1 a ¢ nn (—wr gt HO + (ied, x! ar at 1) fH Pe Gath mm ONG ar gn ) 
e Dail : - ° 
ce = , 
aL de Keak Say (wns + (iweto — $)K”) (9x3 — gro) | . (42) 


With our special choice for the vector n“ the sum of longitudinal and scalar 
polarization vectors becomes 


il 
e"(k,3) + e#(k,0) = (0,k/|k|) + (1,0) = a (43) 
k 
This leads to the final result for the Feynman propagator: 
De (=a) = DOH (a! —2z)+ DOH (a! —Z), (44) 
with the familiar photon propagator in Feynman gauge 
3 
(O)uuy 1 = Ae d°k — 45 
De (a 7) ig ay Don (45) 


x [0 (zp - 20) e —ik-(x’ —*) + O(x to — Zh hye +ik-(a! =| 


and the gauge-dependent extra term 
Re die 
CJ (2m)8 (Qu)? 


. i 1 . 
x |O(2', — 20) e ik: (2-2) (gtx a = Rte” (2 see 20) 


a (46) 


1 : 
a O(x9 es ae etik: (x’ —)(g HOLY Hoge okt ae ae a we (Zo a x)))]. 


Thus the three-dimensional Fourier representation of the Feynman propaga- 
tor is quite complicated. The four-dimensional Fourier representation, on the 
other hand, is very simple. The easiest way to verify this is by starting from 
the conjectured expression (3) and carrying out the ko integration, which will 
be found to produce (44)—(46). 

Since (45) agrees with the usual Feynman propagator we are only inter- 
ested in the extra term (46). We have to evaluate 


v de k a. x’ —x Ud 
Demat —2) = f oa ee DEK) 
Gal d*k tk -ik-(e!—2) kHkY 

= (Qr)4 (k? + ie)? 
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The ko integral of interest reads 


I = i, dko eiko(z 9-20) ___ bale : 
Qn UG, = ton FRE) 
Files Sika = By k# RY 
see TO 48 
n° (ko — wy + i€)? (ko + wx, — ie)? oS) 


The integrand has two double poles at ha = +(u, — ie). This integral can be 
solved with the help of the theorem of residues. Instead of the simple residue, 
now the derivative of the function under the integral enters according to 


z 
pac te = 2ny (z5) (49) 
This is the reason why (46) looks quite complicated. The product rule for the 
derivative of (48) leads to several terms. 

Let us inspect the case x — Zo > 0. Then the integration contour of (48) 
can be closed in the lower half of the complex plane and the double pole at 
kt = w, — ie contributes. The function under the integral reads 


= 


a RAE LY I. —iko(xg—20) 
(ko + wy — ie)? : 5 eo) 


having the following derivative at ko = ke : 


HORY 4 gHOkH — ia kHkY os 55 ee 
kt => EE ML ad —iw,(z9—zO0) ke RY —iw,(2p—20) 
FutKe) (20)? ‘ a: (2u,)3 
1 . ' 1 
= site| uO pv vO _ be py : (Pes 
(Qux)? Ge ae ak 5 k¥(1 + iw, (zp — Zo)| - 


(51) 


This is just the part of (46) that is multiplied by O(2§ — xo). The second 
contribution is obtained in the same manner. 


7.7 Canonical Quantization in the Coulomb Gauge 


If one is prepared to sacrifice manifest relativistic covariance of the quanti- 
zation procedure, the use of the Coulomb gauge V - A = 0 suggests itself. 
As mentioned earlier, in this gauge the two “unphysical” degrees of freedom 
of the electromagnetic field are eliminated from the start and only transverse 
photons are present. 

Let us first discuss the quantization of the free field A,, i.e., a system 
containing no electric charges or currents, j,, = 0. In this case the gauge can 
be chosen as 


V A(z,t)=0 and Ag(z, b= 0. (7.95) 
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a a ge 
1.e., the field Ao is eliminated completely.!! This choice also is known as the 
radiation gauge. 
In the sense of the decomposition (6.21) the potential is purely transverse, 
A = A, Aj =0. This of course will also hold for the electric field strength 
OA 


0 


In the remainder of this section the symbol will be dropped for convenience. 
The canonically conjugate field associated with A reads 


Ty) — (nt), (7.97) 


thus it is transverse too. One might be tempted to quantize the field by 
imposing the usual equal-time commutation relations (cf. (6.93) for the Proca 


field) 
[At(a,t), B7(2"', t)] a 6; °(a2 —2'), (7.98a) 
Eee) = (iG) ea a) 0.. (7.98b) 


The first of these equations, however, must be wrong! Contrary to the case 
of the massive vector field the electromagnetic field also has to satisfy the 
transversality condition, thus the components of A* or EY are not independent. 
It is obvious that (7.98a) is not consistent with the transversality condition 
V -A=0 since? 
iy AG) = 2/4e 0, 2] 

= -i0;6;;6°(4 —2') #0. (7.99) 
The same problem is also encountered for the divergence of the field E since 
the Gauss law V - FE = 0 has to hold. It is not difficult, however, to modify 
equation (7.98a) in such a way that the ETCR become compatible with the 


transversality condition. For this purpose the transverse projection operator 
(6.23) can be employed, 


1 


CA) eg O79; (7.100) 
defining the transverse delta function 
514, (x —z')= ea) S(2—2'). (7.101) 


This function (or rather this distribution) by construction has a vanishing 
three-dimensional divergence: 


0; (64 (2 — z’)] =0. (7.102) 
The consistent quantization rule for the electromagnetic field in Coulomb 


gauge is obtained by starting from (7.98a) and projecting out the transverse 
part 


11 Tf charges are present the field component Ao will not be nonvanishing. However, 
it will not be a dynamical variable of the theory (see Sect. 7.7.1). 

12 Here we use the summation convention for the repeated index 7 although the 
Kronecker delta symbol 6;; is not a Lorentz tensor. 
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[A'(a, t), B¥(x', t)] = -i64,;(@ — 2’). (7.103) 


In this way it is guaranteed that the quantization condition is compatible with 
the transversality condition. In coordinate space the transverse delta function 
is unfortunately a rather complicated object. However, in momentum space 
the projector (7.100) is a simple multiplicative factor. The transverse delta 
function can be represented by the Fourier integral 


d? oa 1 kk; 
3 U ik- — Ma 
63 ,.(a —a') = Ss elk (e *) (65 - _ Ve (7.104) 
The properties of this distribution are discussed in Exercise 7.4 in some detail. 

The plane-wave expansion of the field operator is particularly economical 
in the Coulomb gauge since here it contains only the two transverse field 
modes €(k, A), \ = 1,2. Thus the vector potential can be written as 


A(a,t) ike 4 gt ote) , (7.105) 


- [aoe Ud e(k, ) (aay e-™* 


whereas the electric field strength becomes 


>>, iw, €(k, 2) (Gea Ca ay ts) ur 106) 


t) 
es =| 2) 


and the magnetic field strength is 


B(z,t) = [oes Dk thd) (Bae — ai, e* a (7.107) 
wr, ( 1) 


Now one can expect that the operators @,, and a , will have the properties 
of creation and annihilation operators for transverse photons, satisfying the 
commutation relations 


[ann Gy] = O(k'—k) day, (7.108a) 
[ax x’ ’ ax] = ae ; a] = =), (7.108b) 


As in the case of the massive vector field this can be verified by inverting 
the Fourier expansion (7.105) according to (13) in Example 6.3 and using the 
ETCR. Conversely, the validity of (7.103) can be confirmed by inserting the 
expansions for A(z, t) and E(az’,t) and using (7.108). The result is 


[Ai(a, b., Ei(a', 
aay = 
‘ [Fae exc ee Jiawn 2 rad 
«(nn ar 
ee dyn] elt e-¥ 2) (ivy) 


dek g ik-(2—a:’ e ik (a—2 : 
=f aagaae Cie) (CO) FeO) 7 Eb, DGD) 


R= 


k, A)e? (k', A’) 


iw’) (7.109) 


7.7 Canonical Quantization in the Coulomb Gauge 


The transverse polarization vectors e(k, 1) and e(k, 2) together with the unit 
vector in the direction of momentum k/|k | form an orthogonal basis of three- 
dimensional space, satisfying the completeness relation 

fei) 


PEE EY) aes =u (7.110) 
=1l 


Since in the second term of (7.109) one may make the replacement k > —k 
the expected ETCR (7.103) is obtained: 


i: ze ak ' kik 
AG ; t ; Ei i t = —§ f= © alki@—) et 
= -i6i,(e@-2'). (Fala) 


The reason for the emergence of the transverse delta function in (7.103) be- 
comes very lucid from this derivation. 

The evaluation of the normal-ordered Hamiltonian proceeds as in Example 
6.3. The use of (7.106) and (7.107) leads to the expected result 


ie [eee 4:(8? +B): 


2 4 EE Seen 
= 5 Bay, De [bet )-€(F A) + (K x €(be, X')) « (Ie x ek, ))] 


x (aL Ge + af any ) 


2 
= [ov De Gian (7.112) 
A=1 
Here (k x €')-(k xe) = k7e'-e—(k-e)(k-e') and the orthogonality conditions 
for the vectors € and k, and the energy-momentum relation w? —k? = 0 have 
been used. Thus only the transverse photons contribute to the energy, as 
should be. Analogous results of course also hold for the momentum 


2 
B= fic :Bx Bi = fate balan (7.113) 
X= 
and for the spin of the photon field (cf. (30) of Example 6.3) 


2 
gut aij [eve S > e%(k, A’) el (k, A) (ah any = ah dix, ) (7.114) 
eel 
Note that there is no longer a longitudinal contribution (A = 3). The operator 
for the projection of spin in the direction of the momentum (helicity) again 
can be diagonalized with the use of transverse photons of circular polarization 
as in (36) of Example 6.3. 


To obtain the Feynman propagator in the Coulomb gauge no new derivation 
is required. The result can be taken from Sect. 7.5, i.e., (here we reinstate the 
transversality index L) 
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en (=o) = (0/7 (At (x) 4% (y))|0) (7.115) 
Bk : 
= = (D (k, A)e"(k, A)) 


x (©(c0-a) ek) 4+ O(yo— 20) ene 


This agrees with the transverse part of the covariant Feynman propagator, 
which was introduced in (7.73): 


Lyv vy 
Det De tie (7.116) 


Expressed in terms of the covariant Feynman propagator Di”, we can make 
the decomposition 


tO cas 1D Day De 


F(Coul) F (resid) : (7.117) 


In the frame of reference where n” = (1,0,0,0) and the vectors e(k, 1) and 
e(k, 2) have only spatial compenents the subtracted terms ensure that De at 
vanishes if 44 = 0 or vy = 0. This is to be expected since we have Ao(x) = 0. 


7.7.1 The Coulomb Interaction 


The Coulomb gauge allows only for transverse photons (both real and virtual). 
Where do we find the effects of the Coulomb interaction which cannot be 
described in this way? The answer rests in the potential Ag, which up to 
now we have simply put equal to zero. If there are electrical sources this is 
not justified; there will be a nonvanishing potential Ag which describes the 
Coulomb interaction. This potential, however, is not subject to quantization. 

The classical Lagrangian of the electromagnetic field being coupled to a 
Clrrent 7,,(@, 1) reads (Ci. (6.27) 


il 
C= ~ 4 Puy I ae a ae = Lec codes . (7.118) 
The vector field, because of the gauge condition V- A = 0, remains trans- 


verse, A = A+. The electric field strength, however, now has an additional 
longitudinal part 


E = E++El (7.119a) 

with 
De ae V E+=0, (7.119b) 
El = -VA, , Vxe#ll=o. (7.119c) 


The potential Ao satisfies the Poisson equation. It is determined simply from 
the instantaneous charge density of the sources: 


1 Sola at 
Ao(x, t) = z [ee oer (7.120) 


Using the decompositon (7.119a), we find that the electromagnetic part of the 
Lagrangian (7.118) reads 
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eee 
;(* - 8°) 
il 


= 5 (Bl? 4 g1?- B?) 4 All. Bt. (7.121) 


The mixed longitudinal/transverse term can be written with the help of 
(7.119b) as a divergence 


Ell. E+ —(V Ao) - E+ =—-V-(ApE+)+ 4) V- Et 
= =v Una), (7.122) 
and thus can be discarded. 


The transition to the Hamilton density makes use of the purely transverse 
canonically conjugate field (for the sign remember the footnote on page 158) 


OL OL 
i il 
T ee BE 
O(QA) OF , i) 
leading to 
] here, ae enn, 7 : A (Oe, 


= E+. (-E+) - 5 (gl? + B+? — B?) 

oo te a» iP 

= 5 (EF + B*) 5E 

Sp gel. (124) 


The longitudinal term HI describes the interaction between the charges. Thus 
it is useful to introduce a modified splitting between the free and the inter- 
acting part of the Hamilton density as follows 


H = (Ho +H!) + Hint = Ho + Hint (7.125) 
with 
5 fal ee terre (7.126) 


After an integration by parts the interaction part of the Hamiltonian is found 
to be 


int 


il : 
! |e (-5VAc OV Ansa At ag A) 


il : 
ie (5 4oV?Ao+ jo? -5- A). (7.127) 


With the help of the Poisson equation V’Ao = —Jo the first two terms can 
be combined and we arrive at 


Aint a Heoul a ale ’ (7.128) 
with 
le 
Hoo = [ee alo 
1 3 3 r- ° ff 
eens a ie 7.129a 
5 fa rd°x' jo(x, Ve Se ) ( ) 


be, = - fox 5(@,1)- Ale.) (7.129b) 
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As expected, the Coulomb interaction makes its appearance. Equation 
(7.129a) consists of a double integral over the product of the charge den- 
sity at two spatial points (the factor 1/2 serves to cancel the double counting 
of the interaction energy). The electromagnetic field here is not visible explic- 
itly. Thus we have found that the Coulomb term Heoul is not affected by field 
quantization. On the other hand, the remaining terms Ho and H+, contain 


only the transverse vector potential; here quantization can proceed as in the 
free-field case. 


EXERCS ee 


7.4 The Transverse Delta Function 


Problem. In (7.101) the transverse delta function was introduced, with use 
made of the projection operator P) 
il 
64 ss() = (85 — 495) O(@) - (1) 
Find a closed expression for this distribution in coordinate space. In particular, 
isolate the contribution proportional to 6;; 6°(z). 


Solution. The inverse Laplacian A~! in (1) can be expressed by an integral 
over the Green’s function of A as shown in (6.24). This leads to 


1 1 
3 eee cs aa: ee ee ee ean 
biij(@) = 6:6 (a) —-A fd's ( ee eae om 
il 
= 6,6 (x) —— [eee (3 a) oe) 
1 il 
— Oe Fu Me ey 


Often it is sufficient simply to use this expression without further investigating 
its structure. One should be aware, however, that the second terms in (2) also 
has the character of a distribution since it contains second derivatives of the 
singular function 1/|x|. We know that 


1 
Bea = alee) , S 
Ey (3) 
so that the trace of the transverse delta function becomes 


1 1 
54 ;;(a) = bi 6° (x) + no je] = 


= ; bi; 53 (a) 3 (4) 


Therefore the second term in (2) contains a contribution of the type 
— 56:37 (a). To prove this and also to derive the remaining traceless part, 
we introduce a regularization of the divergent function 1/|x|, cutting off the 


(3 — 1) B(x) = 26° (ax) 
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singularity at the origin. The regularized transverse delta function! will be 
defined by 


51 is (a, &) = (—6; A + 0505) g(x, x) (5) 
where (we write r = |x|) 
1 Stl at fl 
Gere) — = (te) (6) 


Here « is a cutoff parameter which ensures that the function g remains finite 
at small distances: g(a,«) > «/4a for r > 0. We are interested in the limit 
& — oo, which will be taken at the end of the calculation. 


Remark: The function (6) has a simple counterpart in momentum space. We 
have 
: 1 ge 
= /d?k (2x)? &** — _____ . qi 
g(a) = fk Oa) (7 


The first part of the integral is the Coulomb potential in momentum space, 

which is cut off at large momenta |k | >> « by the regularizing factor «?/(|k |?+ 
2 

Fee 


An elementary calculation leads to 


ut Sila) cee 
See ae (5; = a 
tia; 3 —3e * —3kre °" — — (8) 
a a 


and as a special case 


Therefore (5) reads 


1 —l+e""+KreT + Ke 
3 ~ alpen peice tere 
61 ,;(@,K) = Te (5, a 
ee ee SIP pea P 
gs eee) (10) 
r2 3 


In order to isolate the delta-function contribution we first inspect how the 
limit « — oo works for the function Ag(z, x) from (9). To show that (3) is 
obtained, 


Ag(x,k) > —6°(2) , (11) 
we multiply Ag by a (sufficiently smooth) test function f(x) and integrate 
over d°x. The test function can be Taylor expanded at x = 0: 

il 

f(x) = (0) + A: f(0) + 5212500; f(0) +... (12) 

Then the integral reads 


13 See C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg: Photons and Atoms (Wi- 
ley, New York 1989). 
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forete)aote.n) = fate (s0)+ 00400) +...) 7 a 
= -29(0) [ arre™ aps 
=F (0) +0(5) (13) 
This derivation was based on the integral formula 
[vw reo = me (14) 


This formula implies that the higher terms of the Taylor expansion (13), after 
the integration over r, contain higher powers of 1/« and thus can be discarded 
in the limit « — oo. This confirms the limiting relation (11). 

The expression (10) for the regularized transverse delta function can be 
cleverly rewritten: 


il TPA 
6% ela, 9) = isl, 6) + omy (3 — 8 ) ofa, 0) (15) 
with the function 
lee AGETEE pees 
Des kK) = eae a =) c 5 (16a) 
q(a,k) = 1—(l+ar+ bain eon (16b) 


In the limit « — oo the first term in (16a) as in (11) simply leads to $6;;63(z). 
The integral over the second term vanishes if 1 # 7 from symmetry consider- 
ations. (There might be finite contributions if the test function f(x) is non- 
isotropic, which, however, would be of higher order in 1/«.) Thus because 
>, Viti = 7? we immediately conclude 


il 1 2 
pig a, & + 00) = 5 (1+ 5) 645 6(@) = 5 645 58a). (17) 


Although this result has already been deduced in (4), we now also know 
explicitly the traceless remainder. In (15) q(x, «) is an (isotropic) regularizing 
function which for r > 0 (or rather r >> 1/«) approaches unity, implying that 
the nonlocal residual term in this region behaves like 1/r?. The singularity at 
r — 0 is cut off by the function g(a, «) since 

es for rK, (18) 
which remains bounded for finite x. 

The integral of the residual term multiplied by a test function f(a) then 
does not lead to a significant term proportional to f(0) even in the limit 
k — oo. To be more precise, the “suspicious” contribution to the integral over 
the residual term multiplied by a test function f(a), which would characterize 
a delta function (or its derivatives), reads 


[oe f(x) a (3 aii K 545) (19) 


The first term of the Taylor expansion of f(x) could produce an integral of 
order unity but this vanishes because of symmetry reasons: 
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= 533) =), (20) 


iP 


he 1/% Lene 
Katies rt) 3 ( tae) 
= f(0) i) Sel) 
For the next-higher order we find 


K3 1/K pa 

— Ox. f (0 3x; eae ree ae 
= nt ( | daa), (35 5.5) 
1/ 


arr? = af(0)8 5 =0 (4) . Gary 


K 


a Os (0) 6° | 


) 
where the value of the angular integral is unimportant. 


BYERS 


7.5 General Commutation Rules for the Electromagnetic Field 


Problem. (a) Evaluate the commutator [Au (2), AL (y)] of the free electro- 
magnetic field in the Lorentz gauge for arbitrary space-time points x and y. 
Show that the commutator vanishes outside the light cone. 

(b) Evaluate the commutators between the various components of the field- 
strength operators E(x) and B(x). Give an interpretation of the result. 

(c) Repeat the previous calculations using the Coulomb gauge and compare 
the results. 


Solution. (a) Insertion of the Fourier decomposition (7.26) of the potential 
operator A and use of the commutation relations for photon creation and an- 
nihilation operators (7.32) leads to (cf. the analogous treatment of the massive 
vector field in Exercise 6.4) 


3 


3 
Ante), Auta) = [ER (Dt conadenlle X)er(R,) 


A=0 
o Ge = eae) (1) 


Now the completeness relation (6.83) of the four polarization vectors can be 
used, leading to 
P * Ge oS re ee Teen 
Ae A,(y)| = Gy = a (e ve y ) : (2) 
This integral is the invariant Pauli-Jordan—Schwinger function first intro- 
duced in Sect. 4.4. Since the field is now massless we use the notation D(z —y) 
instead of A(x — y): 


dik ol Sree tees 
iD(s—-y) = iS man k-(z-y) _ gtik-( vy) 
d*k 
_ kn)6 k? —ik-(r—y) ; a 
[ape eno) (3) 


where kp = wz = |k|. The commutator is thus given by 


Eve. A.(y)| = -19pv IGRI) (4) 
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Exercise 7.5 The function D(z) has a simple form both in momentum space (cf. (3)) and 
in coordinate space as we will show now. Equation (3) can be written as 
D(z) = D(z) + DW) (x) = 2Re {DH (2)} : (5) 
The Fourier integral in D‘+)(x) can be solved in polar coordinates: 
de >. lie 
DO) eat | 1 aw i(wet—k-x) 
tz) ; Cage QW . 2 
fo-3) 2 apll F 
= -i = i dk La eT iwkt | dcos@ eikr cos 0 
(27)? Jo 20k -1 
= il [ou (en Ga = eae (6) 
S27 Jo , 
with r = |x|, t = zo and k = |k| = wx. To ensure convergence of the k 
—ek 


integration a cutoff factor e~‘” will be introduced, keeping in mind that at 
the end of the calculation the limit « + 0 has to be taken. We have from (6) 
that 


1 1 1 1 
DW sc Sl (ee ee ean a, 
es * 82 (et ace) a 


From this the commutation function 


ie i i 
D = ee ————————— 
(7) e{ )} AAT elt} 
_ on € € (8) 
— An? \(r-t)? +e (r+t?+e 
is obtained. In the limit e — 0 we recognize the representation of the delta 
function 
il c 
a) = ae Baa cu 
which implies 
ei 
D(e) = -7--(6r See t)) | (10) 
Using the identity 6(2?) = [6(r —t) + 6(r + t)]/2r, we can simplify this to read 
1 2 
De) = oe CLOG) (11) 


This agrees with the m = 0 limit of the massive A function given earlier in 
(4.168a) in Sect. 4.6. 

We have found that the potential operators A, (a) and A,(y) commute 
nearly everywhere. Only on the light cone (c—y)* = 0 will there be a nonvan- 
ishing commutator, corresponding to the fact that the points can communicate 
by an electromagnetic signal transmission.!* 


(b) To evaluate the commutators between the field-strength operators 


™ Note that in the massive case, m # 0, the function A(« — y) is finite also within 
the light cone (x — y)” > 0, since massive particles can also travel at velocities 
smaller than the velocity of iene 
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Ei = 649-9? /' | (12a) 
Boel o. Ap (12b) 
we might start from scratch and proceed as in (a). It saves work, however, 
to make use of (4) and act with the derivative operators from (12) on this 


equation. In this way the commutator of the electric-field-strength operator 
is found to be 


[Ei(c),E%(y)] = [a°A° (2) — PA (2), 014(y) — 04) 


a20§ [4'(x), 4°] + 894 [4°(2), 4°(w)] 


020,620.09) | 1a — 7), (13) 
and thus, using 04 D(x — y) = —d4 D(z — y) = —d"D(zx — y), 
[E*(«) , E(y)] = -i (6% 0°S° — 08%) D(x —y). (14) 
For the magnetic field strength the calculation proceeds as follows: 
[Bi(), BP @)] = Mem [.Ar(2), ImAn(y)] 


= ciHeimngzqy (—i(—6,)D(a — y)) 
(688! — 58) Bf" Dey) 
-i (6°? 90) Dee»). ie 


This result is similar to the electric-field-strength commutator (14). Both re- 
sults indeed turn out to be identical since the function D(x — y) satisfies 
d’Alembert’s equation 


(V? — 8°d°) D(a —y) =0, (16) 


which implies 
[Bi (x) , B7(y)] = -i (670°@° - a°8) D(x -y). (17) 


The mixed electric/magnetic commutator takes on a somewhat different form 


[E(x),B%(y)] = [a'A%(e) — a° Aa), o, Ar(y)| 
= &(—a§a}) (—ig' D(e - y)) 
= ic!" G)0, D(x —y). (18) 


The commutators (14), (17), and (18) all consist of second derivatives of 
the function D(x — y). This guarantees that all the field-strength operators 
commute outside of the light cone. This is what we have to request if the 
electromagnetic field strength is to be interpreted as an observable quantity 
that has to satisfy the microcausality condition.!° 


15 More information on the physical interpretation of the measuring process and 
on the uncertainty as applied to the field strength can be found in W. Heitler: 
The Quantum Theory of Radiation (Clarendon Press, Oxford 1954) and in the 
classical work of Bohr and Rosenfeld quoted in the footnote on page 103. 
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We can obtain an explicit expression for the field-strength commutator 
(14) by twice differentiating (10): 


[E*(z) , E’(y)] 

i Raa al 

eT ee 

Ar ( Ip? ) ii 

3 _ 5.) (4 (sr 2) - Sr +) — (lr — 8) - 6(r +8) 

ae 2 i)\2 tf a 73 : 

with the notation r = |z—y|, 7; = zi — yi, t = Zo — yo. At equal times, t — 0, 

this expression is problematic since it contains badly defined products of the 

type r~”6(r). One has to go back to the regularized delta function (9) etc. to 
recognize that 


[E*(x) , E7(y)| 


(5"(r — t) — 6"(r +14)) (19) 


=0. (20) 


To0=Yo0 
This can also be deduced directly from (14) since the derivatives of D vanish 
at equal times xo = Yo. 


(c) In the Coulomb gauge A° = 0 only two polarization vector are present. 
Instead of (1) the commutator of the vector potential reads 


As As 3 2 . . 
[4'(2), Ay] = i, =“ = (oe Nee, 2)) 
A=1 


x (en eee os es) (21) 
dk kik? Sere eee 
=p ee. 


The polarization sum has generated a momentum-dependent factor which we 
identify as the transverse projection operator P,, (7.100): 


aa as 197 3 ; 
[A* (2) ) Aj (y)| = (645 = | lors be (Gee! mo ena) 
= (P.).; WES (22) 


P, in coordinate space is a nonlocal operator that has major consequences 
for the properties of the commutator: (22) is nonvanishing even for distances 
outside the light cone! To check this claim we write (22) as 


[A'(x) , 4?(y)] = 6:,D(@ — y) + 0°07 H(a —y) (23) 

with the auxiliary function 
dk 1 Ae 
a |p ey (Ore ‘(a-y) _ ,tik-(x—-y) 

H(c) i tae nae : 7” (24) 

After performing the angular integration this reads 
=e ie 1 ikr —ikr i i 
H(e) = =a | dk 5 (e 1) )(e eel ee (25) 


This integral can be attacked by the theorem of residues after it has been 
reshaped a bit. To begin with, the integrand of (25) does not have a pole at 
the origin since the numerator also vanishes quadratically at k — 0. Thus there 
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is nothing to keep us from replacing k? by (k +ie)(k —ie) in the denominator. 
Subsequently the range of integration can be extended to the whole real axis 
by using the substitution k — —k. The integral in (25) reads 


— dk ik(r—t) —ik(r—t) _ ,ik(r+t) _ .—ik(r+t) 
/ C23 aac ie +16) (e ae e e ) 
= dk ikr (,—ikt _ +ikt 
i = a CBR) eT (e eae: (26) 


The integrand now has two first-order poles at k = tie. For r > |t| the 
first exponential factor in (26) dominates and the integration contour can be 
closed in the lower half-plane. Using the residue at the pole k = ie, we find 
the integral becomes 
eet = et 
I = 271i ————- = 2rt. 
2i€ “i ce 


To treat the opposite case, r < |¢|, the integrals in (26) can be combined in a 
different way: 


co 1 4 : i 
T= dk —ikt(ikr — .—ikr . 
i. (k — ie)(k + ie) a — ee) 


Now the integration contour can be closed in the upper (lower) half-plane if 
t is negative (positive), leading to 


ie Diesen (i) (29) 
The discontinuities can be expressed in terms of the sign function 
Hele -=-((t +r) sgn(t +7) ~ (tr) sgn(t —r)) (30) 


which can also be written as 
sgn(t) for r< |t| 


H(x£) = -— (31) 
an) £ ole | 
r 


This result is sketched in Fig. 7.3. An inspection of (23) reveals that the A com- 
mutator does not vanish for space-like distances since for r > |t| the function 
H(«) depends on the space position and its derivative is finite, 0°60’ H(x) #0! 
This is a consequence of the instantaneous part of the potential in the Coulomb 
gauge which, viewed separately, appears to violate causality. Fortunately this 
presents no problem since the potential A“(x) is not an observable quantity. 
For the field strengths, on the other hand, no causality violation is found. 
Using E? = —0° A we find 


[E¥(c), B7(y)] = 02.08 [A*(x), A¥()] = -10°0° (P1),; D@ - y) 


—i6;;0°0° D(x — y) 


CRAMER Oe ie (eay oie —y) 
ot oe ae mae nia ”) 


= ~i(5;;0°8° — 0°’) D(a —y). (32) 
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Fig. 7.3. The integral J in 
various regions of the r-t 
plane. The diagonal lines 
represent the light cone 
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This is in agreement with the previous result (14), which was derived using 
the Lorentz gauge. As expected, expressions involving the field strength are 
gauge independent, and they do not violate causality. 


8. Interacting Quantum Fields 


8.1 Introduction 


The previous chapters were dedicated to the quantization of free wave fields. 
The presentation of a detailed introduction to the relevant techniques is the 
main goal of this book. It cannot be overlooked, however, that the description 
of free fields on their own is a rather trivial task. The emergence of interesting 
physical processes can only be expected if there are interactions among the 
fields. From a mathematical point of view this happens if the Lagrangian con- 
tains more complicated parts that go beyond the bilinear terms encountered 
so far. Such terms may consist of higher powers of the field function (describ- 
ing self-interactions) or of products involving fields of different kinds. Within 
the framework of classical theory this leads to a nonlinear field equation or 
coupled systems of field equations which are difficult to solve. 

On the level of interacting quantum fields one is faced with even larger 
problems. Quantum fluctuations will induce complicated admixtures of par- 
ticles of different kinds. A free-field operator has a very simple dynamics: 
the expansion into eigenmodes simply leads to constant creation and anni- 
hilation operators. The field operator of an interacting field theory, however, 
can no longer be described in this simple way: in general it will develop in 
time into a superposition of creation and annihilation operators for infinitely 
many virtual particles and antiparticles. As a consequence there is no way to 
find exact solutions for interacting quantum field theories (except for overly 
simplified mathematical models). Nevertheless, under favourable conditions, 
i.e., if the strength of the interaction is small, it is possible to obtain reliable 
approximate solutions. A systematic derivation of the perturbation series for 
the scattering matrix will be the main topic of this chapter. Nonperturbative 
quantum field theory, which is an actively pursued research topic, lies beyond 
the scope of this book. 


8.2 The Interaction Picture 


As we know from ordinary quantum mechanics the theory can be formulated 
in several different, but completely equivalent, “representations” or “pictures” 
that differ in the way the time dependence is treated. This ambiguity arises 
since all the physical obervables are expectation values or matrix elements of 
operators O evaluated with state vectors |a). These matrix elements remain 


212 


8. Interacting Quantum Fields 


ee eee eee eee eee 


unchanged if the operators and the state vectors are jointly subjected to a 
unitary transformation. 

The two extreme choices that can be constructed in this way are the 
Schrédinger picture (operators are constant, state vectors are time depen- 
dent) and the Heisenberg picture (state vectors are constant, operators are 
time dependent). In the context of quantum field theory one often prefers the 
Heisenberg picture. This is what we have done up to now: without explic- 
itly stressing this point we have treated the field operators ¢(x,t) as time 
dependent. ; 

In the Heisenberg picture the operators satisfy the Heisenberg equation of 
motion! 


OO) = (OMe (8.1) 
if H is the (time independent) Hamiltonian of the system. We assume that the 
system is closed, otherwise it might experience an additional time dependence 
driven by external influences. 


A formal solution for the time development of an operator O can be written 
down at once: 


OF (t) = et OH (0) ei** , (8.2) 
which is easily verified by forming the derivative. Instead of t = 0 of course 
we can chose any other time ¢ = fo as a point of reference. This only amounts 


to the replacement of t by t — tp in the exponent. The state vectors in the 
Heisenberg picture are constant, i.e., 


lox, t)" = |,0)" = Jo)" : (8.3) 


The time dependence now can be transferred to the state vectors, which leads 
to the Schrédinger picture. This is achieved through the transformation 


OS = e~i#t GH(t) ett (8.4a) 
and 
lat)” aes |)" (8.4b) 


Because of (8.2) and (8.4a) it is obvious that OS is time independent and the 
pictures agree at the (arbitrarily chosen) time ¢ = 0: 


OS = O#(0), (8.5a) 
S H 
lay = lay. (8.5b) 
The state vectors are constant and satisfy the Schrédinger equation 
: Ss & S 
iO lar, t) = Hf |cx, t) (8.6) 


The unitary transformation (8.4) of course leaves the matrix elements invari- 


ant, since 


1 Occasionally we have used the notation O(t) for the time derivative of operators. 
In general such an object is meant to designate an operator with matrix elements 


that. satisfy (B|Ola) = 2 (B|Ola), irrespective of the picture. In the Heisenberg 
picture this definition of course agrees with the ordinary time derivative of the 


operator, OF = a oF. 
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S(B, t|O5|a, ae = HY Belle en iit OF (t) gilt eo \e 
2 H 
= Ose (8.7) 
where we used the fact that the Hamiltonian A is a hermitean operator, and 
thus (exp(—iHt))t = exp(+iHt) . 

The Hamiltonian H does not have to be adorned with an index since it is 
the same in both pictures. This is seen immediately from (8.5) and the aes 
that H according to (8.1) is time independent also in the Heisenberg picture.” 

It is important that the transition between the two pictures is mediated by 
a canonical transformation which leaves the commutation relations between 


operators invariant. If two operators in the Heisenberg picture satisfy the 
commutation relation 


Pec 8 (8.8) 
then the corresponding Schrédinger operators are immediately found to satisfy 

[45,68], = ep eae le pele peli japel vee Vel: A*) eiflt 
Se [AH BH) gift _ ,-ilt GH int _ AS (8.9) 


In principle it is possible to formulate the perturbation theory for interacting 
systems within the Schrodinger picture.? In such a formulation the field op- 
erators ~°(x) will depend only on the spatial coordinate x and not on time 
t. This is a drawback if one is interested in studying relativistic theories since 
in this way the (manifest) Lorentz covariance is lost. 

As a starting point for the development of a perturbation theory one as- 
sumes that the Hamiltonian of the system under study can be split into two 
parts: 

H=Ho+mh. (8.10) 
Here Hp is typically the Hamiltonian of a system of free fields. For this Hamil- 
tonian alone an exact (albeit uninteresting) solution can be given. The strat- 
egy now is to put this “easy” part of the problem into the definition of the 
state vectors. Then only the “perturbation” operator H, will be visible in 
the equations of motion. This is achieved by transforming to the interaction 
picture (which also is called the Dirac picture or Tomonage picture): 


Olt) = elffot OS eiNot (8.11a) 
la, t)' = eto la, t)° : (8.11b) 
with the free Hamiltonian H§ = Ho(t = 0). 


The connection with the Heisenberg picture is given by the following re- 
lations, using (8.4): 

O'(t) = elliot Q—itt Or) gilt eiot (8.12a) 

jo,t)) = eifote itt lgyh | (8.12b) 


2 As mentioned earlier we assume that there is no explicit time dependence enforced 


externally. a 
3 For an early reference see, e.g., W. Heitler: The Quantum Theory of Radiation 


(Clarendon Press, Oxford 1954). 
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In the case H, = 0 the interaction picture agrees with the Heisenberg picture. 
Furthermore, at ¢ = 0 all three pictures agree: 


Ja, 0)’ |, 0)" = Ja)", (8.13a) 
610) = O#(0) = 0&. (8.13b) 


Since the connection between the three pictures is mediated by unitary trans- 
formations they all lead to the same matrix elements. 

The Schrédinger equation for the time development of the state vector in 
the interaction picture assumes the form 


id |a, ty! = =Hfs eitfot Jc, t)° ae eiHfot id |e, t)° 


Sie lo, t)' ate eitot H e ito etifist la, t)° 


= (-HS +A!) |o,t) = (-Hi +H) |a,t) , (8.14) 
and thus 
id:|a,t) = Al |a,t)’ , (8.15) 


where we have used 

H} = eiffot HS eifot — Hoe (8.16) 
As intended the equation of motion (8.15) for the state vector contains only 
the “perturbation” operator H,. On the other hand, the time dependence 


of the operators is determined by the dynamics of the free field. The time 
derivative of the operator in the interaction picture (8.11a) yields 


iO) — iy Ol O(a 0 ae (8.17) 


This implies for the problem of interacting quantum fields that the field op- 
erators retain the properties of the free fields. For example, let us study the 
field operator ¢, which in the Schrodinger picture can be expanded into basis 
functions u,(x) as 


S(a) => (a up(x) + ast uf(a)) (8.18) 
k 
The Hamiltonian of the free theory has the simple form 
ie 0 Geo, or (8.19) 
k 


Using (8.17) and (8.11a) we obtain the equation of motion for the annihilation 
operator Gl, in the interaction picture: 


5 im ee x «77S e eS _i77s 
id, a(t) = lat | =e |aé, Ase Lion 
<7y7S re ve e es 
= eft So ww lai apa | en 
ki 


688, . aint ¥ 
= wpe t gies t= aie (8.20) 


using the usual canonical commutation relations. The solution of this differ- 
ential equation is simply given by 
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a(t) = e7** ah (0) . (8.21) 


In the interaction picture the creation and annihilation operators thus retain 
their character as single-particle operators in dependence on time. They are 
embellished with only an additional time-dependent phase factor. The expan- 


ston of the field operator in the interaction picture analogous to (8.18) thus 
will read 


é' (x,t) = De (a BO Gy) eae UR (2)) (8.22) 
k 


with time-independent operators a, := 44(0) and a} := all (0). One also can 
arrive at (8.22) directly by transforming (8.18): 
Pl (a, t) = bot J8(q) e-itot (8.23) 


To prove this assertion one can employ the helpful operator identity (the 
Baker-Campbell—Hausdorff relation, see Exercise 1.3) 


2 


WG ee eee fa ae 
e'“ Be =B+i{A,B]+ 5 [AIA B+... (8.24) 
We obtain 
[eae = dow apt af, af] = onal, 
k’ 
45, [A6,a8]] = wha, 


and a similar result for a) In this way (8.23) is transformed into (8.22). 

The field operator in the interaction picture is constructed in such a way 
that it has the same expansion (8.22) in terms of creation and annihilation 
operators as in the free theory (when working in the Heisenberg picture in the 
latter case). As a consequence the canonical commutation relations are known 
for arbitrary times t # t'. For example, for scalar fields, according to Chap. 
4.4, this takes the form 


[d' (a, t), ot (a, t')] =i Ate -2'). (8.25) 


In the Heisenberg picture such a general expression for the field commutators 
is not known since the operators ¢! (a, t) have a complicated time dependence 
driven by the interaction. Note that the relation (8.9) for the transformation 
of commutators cannot be applied here since it is based on the assumption of 
equal time arguments. 


8.3 The Time-Evolution Operator 


Within the Dirac picture the effect of the interaction is of course hidden in 
the state vectors |a, t)!. Thus the Schrédinger equation (8.15) is the starting 
point for a perturbative treatment of the problem of interacting fields. For 
this we define the time-evolution operator (also known as the Dyson operator) 
U (t1,to), which describes the connection between the state vectors at the 
times tp and {;, 1.e., 
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la, te = U( (ti, to) la, im) d (8.26) 


With the help of (8.11b) and (8.4b) we can immediately write down a formal 
solution of this eauatien (with Ho = HG) 


Josts)t = e#9h Jots)® = elo er (—1) Ja, 4) 
af ae see I 
= elfoti e i (ti to) e iHoto la, to) ; (8.27) 
and thus 
U(ti, to) = eiffot: gift (t1—to) g~iffoto (8.28) 


Since the operators Ho and H in general do not commute, the ordering of the 
factors in (8.28) is very important. 

The time-evolution operator satisfies a number of fundamental relations, 
which we will collect now. A trivial property is 


U(to,to) =I. (8.29) 
Furthermore when two time translations are applied consecutively the follow- 
ing group property holds: 

OU (te, t1) U(t,, to) = U (te, to) . (8.30) 


For the special case t2 = to, this together with (8.29) gives an expression for 
the inverse operator 


Ua (ig Uitte): (8.31) 
Finally U turns out to be a unitary operator 
Onl = 0 Cato) (8.32) 


which guarantees that the normalization of state vectors does not depend 
on time. Equation (8. 32) can be derived from the hermitean property of the 
Hamiltonians Ho and H, as we can prove with the help of the formal solution 
(8.28): 


A ot aj ais o/s as oi = 
U1 (ty, to) = efoto ual (ti—to) e Hgts = Cue ef (to—t1) ey) 


= U-"(t;, to). (8.33) 


We note that U(t,0) = exp(iH§t) is just the transformation operator (8.12) 
linking the Heisenberg and the interaction pictures: 


OO) = VEDNOLOM 0. (8.34a) 

lo,’ = U(t,0)|o)". (8.34b) 
Since the operator U determines the time evolution of the state vector |a, t)! 
it satisfies the differential equation (8.15), 

id, U(t,to) = H(t) U(t,to) , (8.35) 
with the boundary condition (8.29). 


In quantum field theory as in ordinary quantum-mechanical scattering 
theory it proves advantageous to transform the differential equation (8.15) 
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into an equivalent integral equation. Within the boundary condition (8.29), 
this integral equation reads 


t 
O(t to) =1 + (~i) i dt! A(t!) O(t', to) , (8.36) 
to 
which is immediately verified by differentiating with respect to time. 
Equation (8.36) is an integral equation of Volterra type (i.e., the indepen- 
dent variable enters as an integral boundary). Equations of this type can be 
solved by iteration under quite general conditions. 
The process of successive re-insertion of the left-hand side of (8.36) leads 
to the Neumann series 


U(t.to) = 1+ (i) fat Ae) 


to 
t ty . x 
+(-i? f dt | dt2 Hi (t,)H} (tz) 
to to 


SP ie 
t 


bane " ik A 
+ (-i)” ee Gi Et Tia) 


to to 


de (8.37) 


From now on the index I will be dropped since all the results in this chapter 
will be based on the interaction picture. 

The Neumann series consists of multiple integrals involving products of 
the interaction Hamiltonian H,(t;) taken at different times. We notice that 
the time arguments are sorted in descending order. The appearance of these 
mutually dependent upper boundaries makes these multiple integrals (8.37) 
quite difficult to handle. Fortunately, however, following an idea by Dyson‘ 
the integrations can be rewritten such that they all cover the full time interval 
[to, t]. To achieve this we need the time-ordered product (or Dyson product) 
as a tool. This construction has already been introduced (Sect. 4.5), and now 
we are in a position to understand its relevance. The operators in the product 
are put in the order of descending time argument: 


PCA eis) tn) =) Hats, ) TG, ).. Ay (ti, ) (8.38) 
Che i et by 


The concept of a time ordering can be applied to all types of products of 
operators, in particular to field operators (¢(x), (x), A, (x), etc,) and their 
canonically conjugate fields. There may arise problems if noncommuting op- 
erators taken at equal time arguments are involved. For a general definition 
one adds the rule that a minus sign arises for each interchange of fermion 
operators upon time ordering. Such sign factors to not arise in (8.38) since 
the Hamiltonian is of a scalar nature and therefore always consists of an even 
number of fermion operators (which involve half-integer spin). 

Let us now investigate the second term in the series (8.37), 


4 F. Dyson, Phys. Rev. 75, 486 and 1736 (1949). 
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is ty m . t b A ” 
/ dty / Ma eatante) = / ae / dty Ay(t:) Halts) — (8.39a) 
to to to t2 
t t " o 
— / dt, / dt Ay (to) Ay (ti) : (8.39b) 
to ty 


Fig. 8.1. The two equi- 
valent ways to integrate 
over a triangular area, cf. 
(8.39a) 


The integration extends over a triangular area in the t; —t2 plane. As sketched 
in Fig. 8.1, when the boundaries are suitably chosen one may as well integrate 
first over the variable t; and then over tj. In the second step of (8.39b), 
furthermore, the integration variables have been renamed, t; + ta. Adding 
up the two alternative but equivalent forms of integration, we arrive at 


t ty . zs 
2 | dt, dtz Hy (t1) Hy (t2) 
to to 
t ty . x t t za i, 
=/ at, [ dta a(t) Falta) + f at, [ dt2 Hy (te) Ay (ti) 
to to to ty 


= f a [der Gt) they). (8.40) 


Thus the use of the time-ordering operator T has made it possible to extend 
both integrations to the full interval [to,¢]. In fact, the same procedure can 
be extended to all the higher-order multiple integrals encountered in (8.37). 
In the nth order there are n! possible permutations of the time arguments. 
Therefore (8.40) gets generalized into 


te eel 
nt f dt... | ie OW: | ilee 
to to 


= fot... fates r Gita) Fil). (8.41) 


It is not difficult to prove this plausible result formally by employing mathe- 
matical induction. 


Using (8.41) we find the perturbation series for the time-evolution operator 


a) = sy f dt i BALES Gna, hla) - (8.42) 


n=0 fo to 


8.4 The Scattering Matrix 


We can easily verify that (8.42) solves the original differential equation (8.35). 
Taking the derivative with respect to ¢ we get 


A 


id, U(t to) 


= EL) (8.43) 


Here in the first step the symmetry of the integrand was used to obtain the 
factor n. Subsequently H,(t) could be extracted from the T product since ¢ 
is larger than ali the other time arguments t;. 

We remark that it is possible to formally sum up the series (8.42), arriving 
at the ttme-ordered exponential function 


t 
Ce T exp(-i / dt! f(t’) (8.44) 
to 
In essence, however, this is just a compact way of writing the series (8.42). 
In any local field theory the Hamiltonian can be expressed as an integral 
over the Hamilton density 71 («) which consists of products of field operators 
and possibly their derivatives. Then (8.44) can be written as 


i 
U(t,to) = T exp (-i / dta! Hy (z')) (8.45) 
t9 
The main use of the time-evolution operator lies in its application to scat- 
tering processes. Furthermore U(¢, to) can be employed to calculate the energy 
shift of a bound level under the influence of an interaction. This is achieved 
by the Gell-Mann—Low theorem which we will discuss in Example 8.1. 


8.4 The Scattering Matrix 


The scattering matrix (S matrix) is a central concept in quantum field theory 
as well as in ordinary quantum mechanics. It describes the probability ampli- 
tude for a process in which the system makes a transition from an initial to 
a final state under the influence of an interaction. If one works in the inter- 
action picture the time-evolution operator is the right tool to use to evaluate 
the scattering matrix. In constructing the S matrix we will first proceed in 
a naive way. Some problems with this approach will be revisited in the next 
chapter. 

Let |W (t)) denote the time-dependent state vector, which in the limit t > 


—oo has evolved from the “free” initial state G;): 
i = Noe). 8.46 
_lim_|#(0) = |2%) (8.46) 


(Here we ignore the problem that because of vacuum fluctuations the interac- 
tion between quantum fields does not completely vanish in the asymptotical 
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ee ee 


region). The S matrix element is defined as the projection of this state vector 
on the final state (®;|, which is defined by the quantum numbers f in the 
limit £ — +00: 


Sf, = jim (;|¥@) 
= (G,|S|5;) . (8.47) 
Expressed in terms of the time-evolution operator this reads 
aii j ve 8.48 
Sy. im, im, (#71048) 9.48) 


Therefore the § operator defined in (8.47) is just given by 
5 = U(oo, -00) . (8.49) 


Therefore we already know the perturbation series for the S operator: 


=(-i" ce neat dtn T(Ai(ti)---Hi(tn))  (6.50a) 


Sie.) 


S 


I T 
Je iM 
S| 


p(-i)” fates oa 2s T (Ay (t1) ++: Hy, ()) ; (8.50b) 


Being a special type of time-evolution operator, the S matrix is unitary ac- 
cording to (8.32): 

Sig =1. (8.51) 
Knowing the S matrix element observable quantities, we can, for example, 
calculate scattering cross sections and decay rates by taking the square and 


performing some kinematical manipulations. The relevant transformation for- 
mula is quoted in Sect. 8.7. 


BARE ———— 


8.1 The Gell-Mann—-Low Theorem 


In Sect. 8.3 we saw how the perturbation series for the time-evolution operator 
U(t,to) can be derived within the interaction picture. This provides us with 
a systematic method to construct the S matrix for scattering problems. In 
addition, the formalism also makes it possible to calculate the energy shifts of 
states in the discrete spectrum. 

We start from a known discrete eigenstate |S) of the unperturbed Hamil- 
tonian 


Ho|®) = Eo|¢) ; (1) 
and want to find the “corresponding” eigenstate |v) of the full Hamiltonian 

H=H)+ AH, , (2) 
which contains a perturbation operator Hy: 


H|v)=E |). (3) 
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all 


The strength of the perturbation is parametrized by the coupling constant 
which will help us to keep track of the terms in the perturbation series. 

If H, is a stationary perturbation, for example an interaction potential 
in a many-particle system, the time-evolution operator at first sight might 
appear to be the wrong tool to use to describe the system. However, here 
the trick of adiabatic switching of the interaction comes to the rescue. The 
stationary problem is transformed into a time-dependent one by modifying 
the Hamiltonian according to 


i — 0) =A ; jim. ee ge (4) 
An explicit prescription to achieve this may be formulated in terms of a switch- 
ing function: 


ELD) = ely te ve EG (5) 


In this way the perturbation operator Ay at asymptotic times t — +oo is 
dampened off exponentially. Of course physical observables should not depend 
on the details of this procedure since its implementation is arbitrary. Therefore 
it must be possible to take the limit ¢ — 0 at the end of the calculation, which 
turns out to be somewhat tricky. 

In the interaction picture the equation of motion for the “adiabatic” state 
vector reads 


id; |W.(t))’ = Acute), (6) 
with the perturbation operator 

Pie 0 EO) eno (7) 
The corresponding adiabatic time-evolution operator satisfies the differential 
equation 

id; U-(t, to) = Ae~‘!#l Ay (t) Oct, to) - (8) 
Because of (6), the state jw.(t))" in the limit t — oo obviously becomes 


constant. As an initial condition we demand that the state vector approaches 
the unperturbed state defined in (1): 


tim, |¥(t))' = |). (9) 


At t = 0, on the other hand, we know that H. QO) = H. Thus one suspects 
that the state 


|%) = |¥-(0)) = (0, -cv) |S) (10) 


in some way is connected with the desired solution of the interacting Hamil- 
tonian (3). Of course this can only hold true if the perturbation operator is 
switched on “sufficiently slowly”, otherwise the switching-on will induce arti- 
ficial dynamical excitations. Now it turns out that the limit of arbitrarily slow 
switching, lim. |v. (0)), does not exist mathematically! The problem can 
be traced back to a divergent phase factor (see (26) below). Gell-Mann and 
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Example 8.1 Low® have shown how a meaningful result for the energy of the interacting 
system can be obtained despite this problem. 


1. The state 


U.(0, 00) |#) |W) 
Wy —— 11 
| = ae (8|U.(0 , —00)|®) mane (f|%.) ( ) 
is an eigenstate of the full Hamiltonian, i.e., 
ve 
(H — E) lim IY) 2. (12) 


This is true provided that the limit (11) exists and that the perturbation 
series of |v) in powers of the coupling constant A is well defined. 


2. The energy shift of the state |¥) with respect to |®) induced by the inter- 
action can be calculated from the formula 


eee, 4 
AE = E — Ep = lim ieA = In (|U.(0, —co)|) . (13) 


The Gell-Mann—Low theorem does not guarantee the existence of |y) defined 
n (11). However, if this state can be constructed then it solves the interacting 
problem. 


To prove the assertions 1 and 2 we first apply the operator Ho — Eo to the 
adiabatic state |W). Using (1) we obtain 
(Ho — Eo) |¥-) = (Ho — Eo) Ue(0, 00) |f) = [Ho, Ue(0, —00)] |S) . 


The commutator will be evaluated with the help of the ae series 
(8.37) for the time-evolution operator: 


Ao 0.0 (4, (Gee | , 
[ 0; <(0, —co)| = ce ry a Glin eee dtp 
n=0 ac eS 
x eteltit..+tn) T (Ai (ts) = Halty))| : (15) 
If the series is absolutely convergence Ho can be es under the integral. 
For a fixed a a time ordering ¢;, =t;, =... > ;, we have 
[HoT (Hh fis (tn))| = pemeee 
A es Aa (ti,) + Ha (ts,) +--+ Fi (ti,) “> [Ho Aa (ti,)] 
ee A - 5 OH, (ti, ) 
=(- Ay (t; ee. zeae 
) a i(ti,) ++ Hi(ts,) +... + Ai(ti,) +--+ (-i) Dt, 
sw Os s 
= (-i) Dag ita) Fits, 
7=lll 
sw Oo - 
= (-i) dX Bat (fala) sede ia) | (16) 


> M. Gell-Mann and F. Low: Phys. Rev. 84, 350 (Isa 
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Here the equation of motion for the perturbing Hamiltonian in the interaction Example 8.1 
picture was used: 
Per oe 


Equation (14) now reads 


w ee —_ se 0 (0) 
(Ho — Eo) |v.) = Se lee DNA _ dt, 4 = dix eteltit..+tn) 


T (Hy (t1)--- Hi(tn)) |) 


= afc oa uf diy. al di, ete(tit.. Arie) 


can --+ Hy(tn)) |S) (18) 


Because the integrand is symmetric under permutation of the time arguments 
all derivatives 0/Ot; are equivalent. Therefore it was admissible in (18) to re- 
place the 7 summation by the factor n and to keep only a single differentiation 
0/Ot,. The remaining derivative can be elimintated through an integration by 
parts: 


0 a . 
i dt, ec ao Eu - Hy (tn) 
ty 


Fie® 


ae 


—co 


= eT (Ey (th) Fh (te) =| ats (2 et) P(A (ts) --- Ah (tn) 


0 
= H,(0)T (Ai (tz) --» Hi(tn)) —€ / dt, e! T(Hi(t1)--- Ai(tn)) . (19) 


[o<) 


Therefore the right-hand side of (18) contains two contributions 
(Ho ae Eo) |e) 

= —\H;(0) 3 me ea dt i dt, et (t2t--+n) 

— 1  (n-1) Re eh Sonia 


ceeye (tn))|®) 


ee 


= —AH, (0) U.(0, -00)|#) 


aa fa dt, . _f ate etelst.ttn) T (Hy (ty) +++ Hi (tn)) |S) 


[o) 


Hohe a »f au. _ [ae eteltit-+tn) [Ay (ty) --+ Hi (tn)) |S) 


—\H; (0) 


a) ap ich < |e) (20) 


In the first term the summation index has been renamed, n — 1 — n. in the 
second term the series for the time-evolution operator U.(0, oo) was regained 
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Example 8.1 


by differentiating with respect to the parameter A. Use was made of the fact 
that the interaction term is linear in the coupling constant 4. 
Expressed in terms of the full Hamiltonian, (20) reads 


(ff — By) |.) = jedan Iw.) . (21) 


If we assumed a regular limiting process lim._,9 |.) the right-hand side of (21) 
would vanish because of the extra factor €«. This would lead to the conclusion 
that the interacting state has the same energy Eo as the “free” state, which 
is certainly wrong. 

The correct way to proceed is given in (11). To arrive at the state vector 
employed in this equation we divide (21) by the scalar product (|v) and 
perform a clever transformation on the right-hand side: 


a |e) Wg Ut A |W.) 
(H - Ep) ci 1 EE) 
7 ial fro te (2B) 
or 
: Net JZ) _., a |%) 
(Bo iets (6184) tote) ODN HED) (23) 


As a prerequisite for the Gell-Mann—Low theorem to be applicable, we have 
assumed that lim._,o |W) iy (G|¥.) is well defined and finite in each order of 
the perturbation series. This property should also hold for the derivative with 
respect to the parameter 4. Then the right-hand side of (23) will vanish in 
the limit « — 0 since it contains a factor «. Thus 


P a) 
H — E) lim | =e 24 

( ) mas (G|%.) ( ) 
and we have verified that the state vector |v) (provided that it exists!) defined 
in (11) is indeed an eigenstate of the interacting system. 


The energy shift AE between the perturbed and the unperturbed states 
can be read off from (23): 


ere: 
E = Eo + AE = Ep + lim ieX= In (BW) . (25) 


This energy shift turns out to be the matrix element of the perturbation 
operator 4Hy, modified by a normalization factor, as can be seen from the 
projection of (24) on (| using (9| Ho = (G| Ep. 

An inspection of the result (25) for the energy shift reveals the presence 
of a divergent phase factor, which was mentioned before. Integrating over > 
for small values of € leads to 


8.5 Wick’s Theorem 


a _ AE) 
Dy ln (PM) a ey ; 
X ' 
In (O|W)  ~ “it f aw = 0), 
(S|\W.) ~ exp(-iLY) (26) 


The state vector |v.) thus has an essential singularity at « = 0, characterized 
by a phase factor that oscillates “infinitely fast”. 

We further remark that the derivation of |v) and AE could equally well 
have been based on the time interval 0... + 00. The formulae (11) and (13) 
in this case have to be replaced by 


(0, 00) |#) 


ar OR TABS (27) 
AE = lim (ied) Im (2|0.(0,00)|2) (28) 


The vectors |) and |W) describe the same physical state. In principle they 
could differ by a phase factor but this is ruled out by the normalization con- 
dition (®|W) = (6|v') = 1 and we conclude that |W) = |W"). This conclusion, 
however, can no longer be drawn if there is an energetic degeneracy. In par- 
ticular it is not valid for states in the continuous spectrum (scattering states). 

As a third alternative the energy shift AE can also be written in a sym- 
metrical fashion: 


ee “ 
AE = lim 9 AD In ($|U-(00, 00) |#) . (29) 
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Based on the interaction picture we have deduced a series expansion of the 
§ operator in powers of the interaction Hamiltonian H,. Thus in principle 
perturbation theory can be carried out at arbitrarily high orders. When at- 
tempting to do so one is confronted with the technical problem to evalu- 
ate time-ordered products of the type T(H1(z1)...H1(2n)). The interaction 
Hamiltonian 7,(x) will consist of products of field operators describing the 
interacting quantum fields. As one can imagine, the evaluation of higher-order 
T products can be quite laborious. In this section we will develop tools which 
will allow us to approach this task in an economical way. ; 

For practical application one has to evaluate matrix elements of the S 
operator taken between initial and final states, which describe certain given 
multi-particle configurations. As an example let us take a look at the scattering 
of two particles described by the momentum balance kay ho fay ea Call 
an and @, the creation and annihilation operators of the corresponding field 
quanta, and the S matrix element reads 


=e) = Olina sa, a) 0). (8.52) 
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The higher-order Conn Punous to the operator S are complicated superpo- 
sitions of the @, and al and possibly further creation and annihilation op- 


erators (bp, Ot, etc.) describing further quantum fields. To evaluate (8.52) 
one has to pick oul those contributions that have the matching structure 
f (ki, ko, k3, ka) a aj., a Gx, Gz, which is the only way to produce a nonvan- 
ishing matrix element “between the given initial and final states. In principle 
this is not a difficult calculation: by “manually” applying the canonical com- 
mutation relations one can reorder the operators (moving the 4! to the left 
and the @ to the right) until one is left with a simple result. This can be a 
tedious and rather messy task, especially at higher orders of perturbation the- 
ory. Fortunately there is a very elegant and efficient tool that can be used to 
systematically evaluate any complicated time-ordered product. This is Wick’s 
theorem, which we will derive in the following. 

Let us first recall the definition of the normal product first introduced 
Chap. 4. A field operator is split into a “positive-frequency” part (i.e., pi) = 
exp (—iw,t)) and a “negative-frequency” part (oO ~ exp (+iw,t)). The first 
(second) term consists of annihilation (creation) operators. For a scalar field 
operator 6(x) the decomposition reads 


(2) =O (2) + f(z). (8.53) 
The normal product of two bosonic field operators is defined as 
:G(x)d(y): = FO (2)6O (y) + dO (2)d™ (y) 
+4) (2) 6 (y) + 8 (yO (2) . (8.54) 


In the last term the contribution of the creation operator 6) (y) has been 
moved so that it stand to the left of the annihilation part $'+) (x). A similar 
prescription also applies to fermionic field operators, which we denote by w(x): 


baeydby): = POCO) +4O ad y) 
+h) (2) dO @) — FGM a). (8.55) 
Here in the last term an anticommutation was performed, pH (xb) (y) — 
—pO yb (a). 

It is obvious how these rules can be extended to normal products involving 
n > 2 operators: the terms obtained after a decomposition into creation and 
annihilation parts are reordered in such a way that all of the creators stand 
to the left of the annihilators. If fermionic operators are involved a sign factor 
arises, which is given by the parity of the permutation of the fermion operators. 
The sign is equal to —1 if an odd number of fermionic permutations is needed 
to achieve normal ordering and equal to +1 if an even number is needed. 
Exchanges involving bosonic operators according to this definition do not 
affect the sign. 

In the following, the generic name #4 (zx) will be employed for both bosonic 
and fermionic operators. We note the following important property of normal 
products: except for a possible sign factor the order of the operators within the 
argument of a normal product does not matter. The factors can be permutated 
at will without changing more than the sign. This, of course, is an obvious 
consequence of the fact. that the normal product enforces a certain ordering 
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a es a ee —( si‘“‘C TCC 
of the operators, regardless of their initial positions. As an example, for the 
normal product of two generic field operators we find. 


Badpt = $8 4 EBM 4 68M 4 gpd OB 
= enp8OBO 4 BOSD 4 caphOEM 4 gpd 
= nap (680) SP expo 6? aP ENE) SP 66) 


= nono : (8.56) 


where the sign is €ap = +1 (—1) if é@, and $p are bosonic (fermionic) opera- 
tors. This is immediately generalized to normal products involving more than 
two factors. We note that the time-ordered product is also invariant under 
permutations, except for a sign factor. For example 


T (G(x) Sa (y)) = can T (p(y) Ga(z)) - (8.57) 


This has the same reason as in the case of the normal product: the prescription 
of time ordering enforces a certain ordering of the operators. 

Now we will derive a formula for the general evaluation of the time-ordered 
product of an arbitrary number of operators. Expressions of this kind are the 
central ingredient of the perturbation series. Our aim is to find a decomposition 
of the T product into normal products. Before investigating the general formula 
we will illustrate in detail the special cases of the J’ product of two and of 
three operators. From these special cases we will deduce the general rule. 

For a start let us evaluate the time-ordered product T ($, (21) $p(a2)) 
of two field operators, expressed in terms of their normal product. First we 
assume that the time arguments are ordered such that t; > te, allowing us to 
write 


a A 


T (®a(21) Sp(t2)) = Fa(a1) Sp (x2) (8.58) 
= $9) (2,)8S) (x2) + BD (a1) BY (22) 
+ 6) (01) 6 (2) + BM (21) 65 (2) . 


Except for the last term the products are already normal ordered. The last 
term can be written as 


BD (a1) BL (2) = ean Sy (v2) OQ” (a1) + [BAP (er), (2)] ¢- (8-59) 


Now we make the essential observation that (anti-)commutators of free-field 
operators are not operators themselves but are simple c numbers. In Sect. 
4.4 and in the Exercises 5.5, 6.4, and 7.5 this has been demonstrated ex- 
plicitly for the various types of fields. The statement also remains true for 
the fields operators expressed in the interaction picture since their dynamics 
by construction is equal to that of free-field operators! For the problem at 
hand this implies that the (anti-)commutator in (8.59) can be replaced by its 
vacuum expectation value since it is just a c number. Taking into account 


b) (= (0|60” = 0, we can rewrite 


[2 (a1), 8 (2) ] , 
(0]{8? (1), 8 (w2)] |) = (O|BR” (1) Bs,” (#2)]0) 
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= (0|$ (1) $p(x2)|0) = (0|T (€a (21) Pp (22)) |0) - (8.60) 


The last step is based on the condition t; > ta. Therefore (8.58) reads, with 
the help of (8.59) and (8.60), 


T ($q(21)$p(x2)) = :Ba(a1)$p (22): + (0|T (Pa (x1) $p(w2))|0) . (8.61) 


This equation has been derived for t; > te. However, it also holds true in 
the opposite case t2 > t, and thus is valid in general. This immediately 
follows from the previous observation that both the normal product and the 
T product are invariant under permutation of the factors, up to a sign factor 
which is the same in both cases. 

To gain complete confidence in this result we explicitly repeat the calcu- 
lation leading to (8.61) under the assumption ¢; < tg: 


T (£q (21) $5 (22)) = €ap®p(r2) a (21) S555 (8.62) 
= eapihp(x£2)P,a(x1): + €aB (0|$p (x2)®a (21)|0) 
= :6,(21)$p(x2): + (0|T (Ga (x1) Sp (x2) |0) , 


as expected. 

It is quite obvious that (8.61) must be true: both products T(---) and: 
according to their construction can differ only by a commutator which is a 
c number. Since the vacuum expectation value of a normal product vanishes 
the value of this number is given by (olT (ba (x1) (x2)) |o), which is what 
(8.61) tells us. Since the vacuum expectation value of aT product of two oper- 
ators occurs frequently it is given a name of its own and a compact notation. 
One defines the time-ordered contraction (or simply the contraction) of two 
operators as 


by (x1) ¢ (Gia) (o|T( Ga ( (x) bp ( £2) )|0) . (8.63) 


Contractions can also appear in more complicated expressions involving op- 
erators, for example within the argument of a normal product. An example, 
written in shorthand notation, might read 


AAA A KAA A 


:ABCDEF...KLM...: =ep:ABP...KM...:CEDL. (8.64) 
a a 
Here ep = +1 again is the parity of the permutation of fermionic operators. 
Of course nonvanishing contractions can exist only for operators of the same 
type since only in this case can one have a “balanced” combination of creators 
and annihilators in the vacuum expectation value. Later we will give explicit 
expressions for the contractions of various quantum fields. 
Using the definition (8.63), we can write the result (8.61) as 


T (@, (x1) $p(22)) — 8, (21) Sp (x2): + :B, (x1) Pp (2x2): 5 (8.65) 


The normal product in the second term could be added without doing harm 
since this term is a c number. 

The same procedure which lead us to (8.65) can be easily extended to the 
product of three operators. We first assume the time ordering t,, t2 > tz. Then 
we find 
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a A A A 


T (Pa (21) $B (x2) $o(x3)) = T (Sa (21) Sp (a2)) $c (23) 


A a 


= :, (21) Op (a2): Bo (x3) + $y (271) Pp (x2) $o(a3) . (8.66) 


Only the factor é (23) in the first term presents a problem since it violates 
normal ordering. We have (dropping the arguments z; for simplity) 
:b, bp: bo = (606) + bIGH) apr BH EO) ap candy, 6.” ) 
x ($9) +8). (8.67) 


In order to turn this into a normal product the factor éS ) has to be moved 
to the left of gO) and bi), The reordering leads to 


bi GO EC | ae bi gC BO) 4. 6 ) (66 (+) bE ae (8.68) 
and similarly 

IDEMSD = nc SHE EM 46D [80,6], (8.69) 
as well as 

HGH GO) = §H Gr EOE 4 [és 25], | 


= €BCEAC EGY) bi) + €BC [oy 6) aie 


(+) g(+) gl- 
+ OL 168), 65] _. (8.70) 
The four commutators again are pure c numbers. They can be combined in 
pairs with the result 


:b, Op: Bo = :6) Op Gc: ap ON ica ae + €AB bp eee. 


:b, Op Gc: + $4 (0|T (gc) |0) 
+E€AB $;,(0|T (£4 8c) |0) : al) 


In the first step egc could be replaced by €ap; Dp and & have to be operators 
of the same type since otherwise their (anti-)commutator would vanish. For 
the transformation in (8.71), again (8.60) was employed. The result (8.71) 
has been derived under the assumption t1,t2 > ts. However, since all terms in 
(8.71) are invarint under permutation of 4(z1), p(x2), and c¢(x3) (up to 
a common sign factor) the result again is valid for arbitrary time orderings. 
Employing the contraction defined in (8.63) and using the rule (8.64), we write 


(8.66) as 
T ($x (21) $u(a2)%o(a3)) = —:$a(a1)$p(#2)¥o(x3): 
+ :8,q (21) $n (#2) $c(a3): 
+ :B, (21) $p(x2)$o(a3): 
+ :G, (x1) $y (2) Po (es): ; (8.72) 
As in the case of two operators, see (8.65), we aries been able to express the 


time-ordered product of three operators in terms of a sum of normal products. 
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This result. can be generalized to products of arbritrary complexity. This is 
the essence of Wick’s theorem:® 


e The time-ordered product of a set of operators can be decomposed 
into the sum of the corresponding contracted normal products. All 
contractions of pairs of operators that possibly can arise enter this 
sum. 


Calling the operators A, B, ... for simplicity, we can write Wick’s theorem in 
condensed form as follows 


T(ABC...RP2) =:A 
fb 


1A ABC .2.NY 2B C Gee AO aay, 

uJ = eee 
+:ABCD...XYZ:+:ABCD...XYZ:+...4+:ABC...WXYZ: 
+ sum over triply contracted terms 
+ higher contractions . (8.73) 


We immediately recognize that our earlier results (8.65) and (8.72) are special 
cases of (8.73). The number of terms in the sum can become very large, 
although it will always be finite, of course. The general proof of Wick’s theorem 
is the subject of Exercise 8.2. 

Before applying(8.73) to special examples let us take a further look at the 
contractions of field operators, (8.63), which play such an important role in 
Wick’s theorem. In anticipation of things to come we have already calculated 
the vacuum expectation values of time-ordered products of various free-field 
operator pairs. Since we are working in the interaction picture these results 
keep their validity. Let us recapitulate the results. 

For a scalar field ¢(x) we found in Sect. 4.5 that 


(a) 6" (y) = (O|T (d(x) gy) JO) =i Ap(w —y) . (8.74) 


Thus the contraction of ¢(x) and ¢t(y) is identical to the Feynman propagator 
for spin-0 particles. Its representation in momentum space is 


Ae ae | om cu ace (8.75) 
(27)* p? — m? + ie 

Similarly for a Dirac field (see Sect. 5.4) we obtained 

ba(x)¥g(y) = (0T (a(x) Daly) )|0) =iSp(a —y), (8.76) 
where Sp is the Feynman propagator for spin-4 particles 
d‘p e7ip-(z—-y) 
(Qn)4 pom+tie’ 
Finally the contraction of two photon field operators is given by 


A,(x)AL(y) = (0|T (A, (x) A, (y)) |0) =i Deyo (x — y) - (8.78) 


° G.C. Wick: Phys. Rev. 80, 268 (1950); F. Dyson: Phys. Rev. 82, 428 (1951). 


Sp(x — y) = (iy"0, +m) Ap(c —y) = (8.77) 
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The covariant photon propagator was constructed in Sect. 7.5: 


atk Ve eae 
D vy = ——— —ik-(z—y) _Ipv a pre a ee 
Fy (Zz — y) le e (3 ane ae E (Dasoe .(8.79) 


Here ¢ is the free parameter in the gauge-fixing term £¢ (0,, A“)? entering the 
Lagrange density of the free electromagnetic field. In the most simple case 
(the Feynman gauge, ¢ = 1) the extra term in (8.79) vanishes. Generally, 
physical observables must not depend on the value of ¢. 

From a mathematical point of view the propagators A(z) etc. are distri- 
butions. To give them a well-defined mathematical meaning they have to be 
multiplied by test functions and integrated over d4z. The propagataors are 
highly singular at small space-time distances. In the vicinity of the light cone, 
z* = 0, one finds (see section 4.6) 


1 i im? 
Ar(e) = —7-8(2) + paa - ga ne’)? 
2 
gi a ae: 211/2 2 
tale ) + O(|x /2 In fe ) (8.80) 


Thus the propagator exhibits several types of singularities. This leads to prob- 
lems if products of such distributions are encountered: they can produce ill- 
defined divergent expressions. In momentum space the propagators have a 
much simpler structure. Infinities will arise nevertheless in the form of diver- 
gent momentum integrals. The handling of such divergencies using first reg- 
ularization (which leads to finite but cutoff-dependent quantities) and then 
renormalization (to get rid of the cutoff) is a central problem of quantum field 
theory. 


NERC; SEER SS eee 
8.2 Proof of Wick’s Theorem 


Problem. (a) Let ee Zz be time-independent linear operators. As- 
sume that the time argument of Z is smaller than that of all the other oper- 


ators, tz <ta,...,ty. Prove the following lemma, which describes the multi- 
plication of a normal product by an operator, 
Wipe 4 = SAB XY Zo AB... XYZ: 
+:AB...XYZ: +... +:AB...XYZ: (1) 


with the use of mathematical induction. 
(b) Use the lemma from (a) to prove Wick’s theorem (8.73). Can the assump- 
tion made for the time tz be lifted? 


Solution. (a) The proof is much simplified if the following assumptions are 
made, which do not restrict generality. 

(i) Z is a creation operator. 

(ii) A,...,Y are annihilation operators. 


Re (i): In general Z will be a sum of creation an annihilation parts, 
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ADE (2) 

For the annihilation part Z“ the claimed relation (1) is valid trivially because 

the product on the left-hand side of (1) is already normal ordered. On the 

right-hand side all contraction terms vanish because the condition tz < ta, 
implies 

A(ta)Z2 (tz) = (0|T (Ata) Z™ (tz) |0) = (0[A(ta) 2 (tz) [0) = 0 - (3) 


Therefore only annihilation operators Z = Z\-) have to be considered. 


Re (ii): Since the distribution law is valid for all products in (1) the operators 
can be split into creation and annihilation parts which then are treated sep- 
arately. If (1) has been proven for annihilation operators then any additional 
creation operators O(-) can be written in front of the operator products since 
they are in a normal-ordered position automatically. On the right-hand side 
of (1) no additional contraction terms arise in this way since according to (i) 


Nae) = 4(-) Z(-)) (0) = 
OIZ™) = (o|T (OZ) (0) =0. (4) 


To start with the proof of (1) by induction we study the simplest possible case 
involving two operators 

¥:Z=VYZ=T(¥Z)=:¥2: ie (5) 
Here in the second step the assumption tz < ty was used, followed by (8.63), 
which defines the contraction. Now assume that (1) is valid for a product of 


m operators B...Y. We multiply from the left by an additional annihilation 
operator A having a time argument, that also satisfies the condition t4 > tz: 


ACBC waa = ABCA ABC aia ee AB C7 (6) 
a I Li 

We have to prove that the first term leads to a further contraction which 
involves A and Z: 

TNBIEO OU = BIO, OME 1 BNO. LZ? (7) 

ee 

According to the restrictions (i) and (ii) the normal product is trivial since 
Z is the sole creation operator: 

A:BO... 898: =c AZ BC...RY. (8) 
The sign factor € = +1 counts the number of commutations of fermion oper- 
ators when Z is moved. The product of AZ, because of t4 > tz, satisfies 


AZ =T(AZ) =:Az: + AZ, (9) 
and therefore 
ABC se Ae Oe cA BOT ce (10) 


Now the operator Z has to be commuted back to the tail position of the 

product. This again leads to the factor €, which cancels out. In the first term 

of (10) we again use the condition that Z is the only creation operator: 
AZ: pCa (+ZA) (BC...Y)=+4:ZABC..Y: 


AR AA 


SO VAHG Ne ee UC, SE (11) 
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In view of the rule (8.64) for the normal product of a chain of operators 
containing a contraction we also have 


AZ BO ny —e°ABC...VZ:. (12) 
et) See 
Therefore (10) is transformed into the conjectured identity (7) which proves 
the lemma (1). We notice that (1) can be immediately generalized to the 


case where some of the operators in the normal product :AB...XY: are 
contracted with each other. 


(b) The first step in the inductive chain for the proof of Wick’s theorem, 
T(AB) = :AB: + AB, (13) 


has already been shown explicitly, see (8.65). Now let us assume that the 
theorem is valid for the time-ordered product of n operators 


WOME Oy = BNE ere DAR GY hs 
+:ABCD...XY: +... 
+... (14) 
and multiply this identity from the right by a further operator Z. If its time 
argument is earlier as that of the other operators, tz < t4,...,ty, then the 
left-hand side is simply given by 
ice eA TAB XYZ), (15) 


For each term on the right-hand side of (14) the lemma (1) can be applied. 
It is obvious that in this way all combinatorically possible contraction terms 
involving the operator Z are generated. This is what is claimed by Wick’s 
theorem for the n + 1 operators. 


The condition tz < t,,...,ty does not really restrict the generality of 
the proof. The operators in Wick’s theorem can be reordered, (A,...Z) > 

(A’,...Z’), in such a way that they are time ordered from a. outset, 
tar > tg > ... > tg. Within the T product this reordering at most can 
produce a sign factor. The same factor will also arise on the right-hand side 
when we permute the operators in the normal products. There are no ad- 
ditional terms and thus the equation is invariant under permutations. After 
reordering the proof given above will hold. At then end the inverse permuta- 


tion (A’,...Z') > (A,...Z) can be employed to restore the original ordering 
of the operators having no particular temporal sequence. 


8.6 The Feynman Rules of Quantum Electrodynamics 


Wick’s theorem provides us with a powerfull tool for practical evaluations of 
the perturbation series for the S matrix. There are many theories involving 
coupled quantum fields which can be treated in this way. In the following 
examples the ¢* theory and scalar electrodynamics will be studied. In this 
section we investigate quantum electrodynamics (QED), i.e., the theory of a 
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charged spin-5 field being coupled to a massless spin-1 field (electrons and 
photons). This theory is ideally suited for a perturbative approach since the 
coupling constant a = e?/4ahc ~ 1/137 is very small. QED is studied in 
detail in the volume Quantum Electrodynamics in this series of books by using 
a heuristic approach based on the propagator formalism. In the following we 
will demonstrate that the same results, in particular the Feynman rules of 
QED, can be recovered in a systematic way from quantum field theory. 

The classical Lagrangian of quantum electrodynamics was introduced in 
Exercise 6.2: 


ee ae +£e™ Bayar . (8.81) 
with 
-fi 
ees = (Su AE = m)4p : (8.82a) 
i 
com = — 5 Fy Fe = 56(8uA")” (8.82b) 
Ly = —edypp A", (8.82c) 


where the electromagnetic field was coupled in by using the gauge invariant 
“minimal” substitution 0, > 0,+ieA,. Quantizing this theory, we will employ 
the normal-ordering prescription so that the interaction term becomes 


£, =-e by ba": (8.83) 
The Hamilton density describing the interaction is given simply by 
Hy = —-L, =eby,b A’: . (8.84) 


The canonical transformation leading from the Heisenberg to the interaction 
picture will not affect the form of this operator. (This can happen only if 
derivative operators are present, see Example 8.6). Therefore the perturbation 
series for the S operator reads 


n=1 


co 


> = (-ie)" [ates aces (8.85) 


n=0 


a 


Tbr) Yu Ber) AM (1): (Gn) Yun B(On)AM* (an)? | 
The terms in the sum have the structure 
A 1 en 
Se) = =, ates od Le Sn Cie oe 7 (8.86) 


The function under the integral can be constructed with the help of Wick’s 
theorem. It consists of a superposition of c-valued functions multiplied by nor- 


mal products of the field operators 7, v, and ae which we will write schemat- 
ically as 


Sn(Biy-0-yEn)= > K(a1y..., tn) 2 ++ O( as) --- Play)» Alan): 


contractions 


(8.87) 
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The functions K(x1,...,2,) consist of contractions involving those field op- 
erators that are not Porat in the normal product. 

To explicitly evaluate a scattering process we need the matrix element of 
the S operator taken between states involving definite particle configurations: 


= eee aK ee ee ey Brine Av ees) en(erO8) 


Here pi, 81 (1,31), etc. designate the momenta and spins of the electrons 
(positrons), and k,,A,, etc. the momenta and polarizations of the photons. 
The many-particle states are constructed by applying the creation operators 
on the vacuum: 


monn DIST. coh Arye.) = pie ed. a0 ee --|0), (8.89a) 
(AL PiSty- PSt,--| = (Ol any dys 5 -++bprs . — (8.89b) 


(If a field mode is multiply occupied, which can happen only for the photons, 
an additional normalization factor will occur, which has been left out here). 

The time-independent operators b, d, @ are those entering the plane-wave 
a of the field operators: 


ve) = ‘= abn VE. B, Ul? (Bpeu( p,s)eiP* + d!u(p,s) er”* ) , (8.90a) 
ls ay \ E, 7 (4,.3( ye Ee i gO ee an (8.90b) 


Sp 

—_ 
8 

— 


u(Z) a a oe. ens Oe ECA) eng) . (8.90c) 
In the evaluation of matrix elements of the type (8.88), obviously the only 
terms of the expansion (8.87) that will contribute are those that contain a 
“matching” configuration of field operators in the normal product. To be 
more specific, for each electron/positron/photon in the inital state a matching 
annihilation operator is needed, i.e., a factor pt) [yo / AW), The plus sign 
is meant to designate the part of the field operator (8.90) having positive 
frequency (the annihilation part). Similarly for each electron/positron/photon 
in the final state a creation operator of the type pl) fp) JAD? must appear. 
If these conditions are not fulfilled the matrix element involving the states 
(8.89) will vanish since unpaired operators are present, which annihilate the 
vacuum state. 

To make this perfectly clear we study the simplest possible case (which 
will turn out to be too simple for describing a physical process), i.e., the S 
operator in first order (n = 1): 


80) = nie fate Tlie) 0) A*(@):| 
= mie feta site) h(a) A*@):. (8.91) 


The T symbol of course here can be omitted since there is only one time 
argument. Since each of the three field operators contains an annihilation 
and a creation part the expression (8.91) can be split into eight different 
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parts, each corresponding to a specific physical situation. Since it is easy to 
be confused by lengthy algebraic expressions it is common and very helpful 
to use the graphical notation introduced by Feynman, i.e., the language of 
Feynman diagrams. We introduce the following graphical “translation rules” 
(see Fig. 8.2). 


Fig. 8.2. The various build- yp apr) pr) pl) © AG) A) iSp(z2—-21) iDp(z2—-21) 
ing blocks of a Feynman 


graph in quantum electro- x) 29) 
dynamics. The time axis is $ 
directed upward. 3 
| 28) 285) 
2a 2b 2c 2d 3a 3b 4 5 


1. Each point of interaction x is associated with a vertex. This corresponds 
to the algebraic factor —ie7y, . 

2. Each electron field operator is associated with an external fermion line 
glued to a vertex. These lines are fully drawn and carry an arrow. The 
following associations are made: 


(a) o) (zx) a line pointing upward ending at « 
(electron absorption), 
(b) ~‘+) (x) a line moving downward starting at x 
(positron absorption), 
(c) #-) (x) a line pointing upward starting at x 
(electron emission), 
(d) 7b“) (a) a line pointing downward ending at x 
(positron emission). 
3. Each photon field operator is associated with a wiggly external photon 
line: 
(a) AW (2) a line starting at « pointing downward 
(photon absorption), 
(b) AD) (x) a line starting at x pointing upward 
(photon emission). 
4. The contraction of two fermion operators, 


P(x2)b(e1) = iSp(x2 — 21) , 


is associated with a directed internal fermion line drawn from 2 to 29. 
5. The contraction of two photon operators 


A* (x2) A" (a1) = iDp(t2 — 21) , 


is associated with a wiggly internal photon line connecting x; and 22. 


Remark: The photon lines have no sense of direction (they bear no arrow) 
since the photon “is its own antiparticle”. This is reflected in the symmetry 
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of the photon propagator 

De (Lo = £1) = De (xy oe £2) . 
The fermion propagator behaves differently since its field carries a charge. As 
discussed in Sect. 5.4 the Feynman propagator Sp(#2—2 1) describes processes 
where a unit of charge is created at the point 2; and annihilated at x2. This 


can mean either that a virtual electron moves from 2; to £2 or that a virtual 
positron moves from 22 to 21. 


The eight different contributions to the operator S@ are depicted in Fig. 8.3. 
All these graphs are topologically equivalent since they all have arisen from the 
same expression (8.91) and only differ by the direction of the external photon 
and fermion lines. The various graphs describe the following (hypothetical) 
processes: 


(a) (b) (c) (d) (e) (f) (g) (h) 


(a) Spontaneous creation of an electron—positron pair together with a photon, 
(b) Emission of a photon by an electron, 

(c) Emission of a photon by a positron, 

(d) Annihilation of a pair producing a photon, 

(e) Creation of a pair by a photon, 

(f) Absorption of a photon by an electron, 

(g) Absorption of a photon by a positron, 

(h) Annihilation of a pair together with a photon. 

One should note, however, that none of these processes is kinematically al- 
lowed: the corresponding S matrix elements all vanish since it is impossible 
to simultaneously satisfy the laws of energy and of momentum conservation 
and the dispersion relations for free particles. The system of equations 


tptp t+k=0 , pre=m , =m k=O (8.92) 


cannot be satisfied simultaneously for any of the eight sign combinations. 
To obtain processes of physical interest one has to go to the second-order 
S operator (n = 2): 


§@ = = (-ie)? [stesete: 


= [ase 


x7 | ios Ban) ea): Blea)rv(oa) AY (ea): |. 6-83) 


This expression can be simplified with the help of Wick’s theorem. First, 
however, we have to consider the effect of the normal orderings found inside 
the T product. It can be shown that “mixed” T products of this kind can 
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Fig. 8.3. Graphical repre- 
sentation of all first-order 
contributions to the S op- 
erator (8.91) 
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Fig. 8.4. 

The tadpole graph which 
gets eliminated if the nor- 
mal-ordered interaction 
Lagrangian is adopted. 


also be decomposed according to Wick’s theorem. In fact, the result even gets 
simplified since the following rule holds: 


e Contractions between operators contained within the scope 
of a normal product do not enter in (8.73). 


This means that the prescription of normal ordering of the interaction oper- 
ator eliminates the interaction of a particle with itself at the same point z. 
Mathematically such a contribution would be described by the singular ex- 
pression Ap(0). Figure 8.4 shows a Feynman graph that is eliminated through 
normal ordering. We might as well have started from an interaction that is 
not normal ordered. Then the contribution of the “tadpole graph” shown in 
Fig. 8.4 would have to be kept, leading to an additional term (a mass shift of 
the electron) in the renormalization procedure, which has to be carried out 
anyhow. Since the mass is adjusted to its physical value the tadpole graph 
has no influence on observable quantities. If one adopts the normal-ordering 
prescription it is absent from the start. , 


It is obvious that contributions of the type (21) (x2) and (x1) (x2) do 


° . . . ° ° L-_ ° . 
not arise since the creation and annihilation operators cannot be paired off in 


(0|T (B(e1)b(w2)) |0) = (07 (v1) H(e2))|0) = 0. (8.94) 
After these preparations we are now able to write down the Wick expansion 
of the S operator of QED in second order, (8.93). There is one term without 
a contraction, three terms each involving one and two contractions, and one 
fully contracted term: 


a Aa Aa Aa 


80) = OF fats ating (0a )ryab( en) Ble) Ah va) AM (0s) A"(0a)? (2) 


Aa Aa 


SOP fon an + a . 
+! ~ iE ad" x2 24b(21) Yer) b(G2) wP(w2) AM (a1) A” (x2): (g) 


~ie)? a a" oo 

+ ; eo [atc.ate, (1 )¥.%(21) (22) yw (w2) AY (x1)A” (x2): . (h) 
[nse tg alee {____ 

(8.95) 
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This is conveniently visualized with the help of the Feynman diagrams pre- 


Sented in’ Fig. 8:5. 
(a) (b) (c) (e) (f) (g) (h) 


This figure shows a single diagram for each of the terms in (8.95), representing 
their topological structure. Of course we known that in each case there are 
various ways to associate the external lines with incoming or outgoing particles 
so that a given generic graph can descibe several distinct physical processes. 
Let us consider the terms in (8.95) separately. 


(d) 


(a) Two fermions (electron or positron) separately absorb or emit one photon 
each. Since the energy and momentum balance has to be satisfied separately 
for both partial graphs, §@) does not contribute to the S matrix, as was the 
case for $(@), 


(b),(c) These two terms describe processes involving two free photons and 
two fermions. Depending on the association of the external lines with incoming 
and outgoing particles four different physical processes are covered, as shown 
in Fig. 8.6: (i) Compton scattering at an electron, (ii) Compton scattering 
at. a positron, (iii) electron-positron pair annihilation into two photons, (iv) 
electron—positron pair creation by two photons. In each case there is a direct 
graph and an exchange graph which differ by the interchange of the two 
photon lines. Both contributions to the S matrix element have to be summed 
up coherently. 


RR ER OM 


(i) (il) CL) (iv) 


The expressions (8.95b) and (8.95c) obtained from the decompositions of the 
§ operator are identical. This becomes apparent if one renames 71 22 
and jy © vy and exchanges the ordering of the field operators (which is an 
admissible operation for the factors in a normal product): 


=) I fates dng 16 (e1) u(r) (2) r018 ea) AM (r)AY (ea): 


= Sb [etrsatn ee cnc ea) Anan): 


Fig. 8.5. The classes of 
Feynman diagrarns cor- 
responding to the eight 
terms of (8.95) 


Fig. 8.6. Possible configu- 
rations of external lines in 
the generic Feynman dia- 
gram of Fig. 8.5b,c 
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Fig. 8.7. The same as Fig. 
8.6 for the graph with four 
external fermion lines. 


= a [atcrates (01) yutb(o1) V(62) whe) AP (a1) A” (a9): 


(8.96) 


(d) The processes involving four external fermion lines described by 
this term are: (i) electron-electron scattering, (ii) positron-positron scat- 
tering, (iii) electron-positron scattering. The remaining possible configu- 
rations of the external lines again are forbidden for kinematic reasons. 


Mr ie 


(i1) (i11) 


(e),(f) Here only two external fermion lines are present, therefore no in- 
teraction between particles separated asymptotically takes place. The graph 
describes the self-energy of the electron or positron. 


(g) This is the vacuum polarization graph which originates from the creation 
and annihilation of a virtual electron—positron pair. 


(h) This fully contracted vacuum fluctuation term does not contain a field 
operator and thus can only make a contribution to the S matrix if the ini- 
tial and final states are identical. It can be shown that “closed bubbles” of 
this type can only produce phase factors which multiply the S matrix ele- 
ments. Therefore they have no physical consequences and can be discarded 
(see Exercise 8.3). 


In Example 8.4 the second-order S matrix elements derived from the Wick de- 
composition will be evaluated for a few QED processes, i.e., electron—electron 
and electron—photon scattering. For practical purposes one often takes the 
easier route. For a start all possible Feynman graphs (up to a chosen order) 
are drawn which describe the process to be investigated. Subsequently these 
graphs are translated into the corresponding algebraic expressions for the S 
matrix element. Let us collect the required “cooking recipes” in a comprehen- 
sive listing. 
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The Feynman Rules of QED in Coordinate Space 


1. To evaluate an S matrix element of nth order all topologically distinct 
Feynman graphs with n vertices and within the desired configuration 
of external lines are drawn. Each vertex is assigned a coordinate vari- 
able 2;. 


2. Vertex: Sees 
3. Internal photon line: iD§" (x, — 2) . 
4. Internal fermion line: iSpag(x, — 21) . 


5. External fermion line: N, u(p, s) ei?" incoming electron), 


incoming positron), 
outgoing electron), 
outgoing positron). 


6. External photon line: Nj; €“(k,A),e~** (incoming photon), 


(i 
( 
( 
( 
( 
( 


N, €#*(k, \),e*!** (outgoing photon). 


7. All coordinates x; are integrated over. 


8. Each closed fermion loop leads to a factor —1. 


The normalization factors for the Dirac and the photon wave functions are 


m 1 


iN. = SS 5 N; = TRLLIGL LL 
iE (27)3 E, (277)? 2, 


(8.97) 
if continuum normalization is applied. If instead one chooses the normalization 
to a box of finite volume V = L? the factor (27)? is replaced by V. 


The x integrations can be carried out (owing to the simple plane-wave factors) 
as shown in Example 8.4 for a few cases. As a result we arrive at an equivalent 
set of Feynman rules in momentum space. 
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The Feynman Rules of QED in Momentum Space 
1. All the relevant topologically distinct Feynman graphs with n ver- 
tices are drawn. Each internal line is assigned a momentum vari- 
able pyr kK. 
2. Vertex: —ie(Yp)ep - 
3. Internal photon line: iDf" (ki) . 
4. Internal fermion line: iSpag(pi) - 
5. External fermion line: N, u(p,s) (incoming electron), 
N, 0(p,s) (incoming positron), 
N, U(p,s) (outgoing electron), 
N, v(p,s) (outgoing positron). 
6. External photon line: Nz e“(k,A) (incoming photon), 
Ny, €#*(k, A) (outgoing photon). 
' . d*p 
7. All momenta of the internal lines are integrated over: (ony 
8. Each closed fermion loop leads to a factor —1. 
9. Each vertex is associated with a factor (27)* 64(p' —-p+ k). 
4 2 A few explanatory remarks are in order. 
e Two graphs that might appear to be equal are topologically distinct if the 
sequence of the vertices is different. For example, the box graphs of Fig. 8.8 
(and several more graphs of similar appearance, see Exercise 8.3) both have 
to be considered and their contributions have to be added up coherently. 
e The factor 1/n! resulting from the series expansion of the Dyson operator 
1 2) (8.50) is not present in the S matrix element. It is cancelled by a permu- 
tation factor n! which arises from the ambiguous association of the vertices 
4 3 %1,...,2n. This will be illustrated in Exercise 8.5. 
e The minus sign from rule 8 results from the anticommutation of fermionic 
field operators. To demonstrate this let us consider the second-order vacuum 
polarization graph (8.95g). The corresponding S operator reads 
(2) (Sic ee a ee 
De = pee dee ales Wo(21) VeeVa(21) W.(2)¥6Ps (x2)? 
: [P= Sy oll SL 
1 2 ‘ k 
x3:A,(21)AL(22): : (8.98) 


Fig. 8.8. Two box graphs 
that are not equivalent 


One observes that the ordering of ~ and p is different in the two contractions. 
This leads to a minus sign since 


ba (a1)b,(e2) = iSpg,(%1 — 22) , (8.99a) 
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Da(ti)bs(t2) = —iSpsa(t2 — 21) , (8.99) 


and therefore 


: Gules 
oD = So faterate, (-iSp50(r2 = 1)) VE (iSpey(21 = £2) V%5 
x:A,(21)A,(x2): 
Gie) 
nn ai Jats d‘ay Sp [isi (2 — £)y"iSp(a, — 2)" | 
:Ay(a1)A, (a2): . (8.100) 


It is quite obvious that for any process involving a closed fermion loop there al- 
ways will be one contraction in which the ordering of the operators is inverted 
as in (8.98), leading to a minus sign. 


EXERCISE, 


8.3. Disconnected Vacuum Graphs 


Problem. Show that the § operator can be factorized according to 
+ = Ag alo) <> it 
Oe (0|5|0) >, k! 

k=0 


Here the modified time-ordered product Txt is defined in such a way that 
only those terms are included in its expansion according to Wick’s theorem 
that have a “connection to the outside”. Completely closed vacuum bubbles 
are discarded. Use equation (1) to argue why disconnected Feynman diagrams 
need not be considered in the evaluation of S matrix elements. 


A 


[ato + d* an Text (Ha (a1) -+-Ha(ze)) . (1) 


Solution. We have to evaluate 
=O fate, ---o82, 7 (Fae) Fa(en)) ’ (2) 


where the T product can be expanded using Wick’s theorem. The resulting 
terms can be combined into classes according to the number m of vertices 
whose field operators are fully contracted among each other. It is not prede- 
termined which position in the contracted expression (or, equivalently, in the 
Feynman graph) is taken by the coordinates «;. All permutations of the 2; 
are possible. The T product can now be written as 


T (My (x1) see -H1(tn)) = ‘e ye Text (71 (x4) 0 Ay (i) 


m=0 combin. 


X Tyac (A, cee ray) ea (a)e (3) 
Here the sum over the combinations means the following. For the argument of 
the Text product take n —m values out of the set of coordinates 2), ...,%, and 


rename them as z},...Z/,_,,- The remaining coordinates are the arguments 
of the Tya- product. The 2; in (2) are integration variables which can be given 
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Exercise 8.3 


any name. Therefore in each term the combination sum can be transformed 
back, x; — z;. All terms in the sum having the same m thus are equal and 
the sum simply leads to a multiplicative factor which is given by the binomial 


! 
cocficient | | == 
m mi(n — m)! 
GL (a) ip we = n! 
ia d n! eee x mi(n —m)! 


x Text Ga (a1) Saki (Corer) ree (Fy (Cree) O28 Ay (Ga) 


n=0 m=0 
x Text (Fy Gi Hy Ga) 
x ieee ie dan, ae (iG = ten) in Hy (a3) : (4) 


Upon transformation to the variables n — k = n — m the two sums get 
decoupled: 


A 


S$ = So ial fats. +» d4 ap Text (Hi (21) -+: Ha (ze)) 


k! 
k=0 


. ye Ss) [atcn : okey Ped, (wean) sh Fy Gee (5) 
re mM. 


The second factor also can be written as 


“a 


5 ae [ate «+ d4am Trae (Hi (21) ++ Fi (tm) 
m=0 . 


= (o| So OP [attr atom 7 (Hs (a1) +» Fa (em)))0) 
m=0 
(0|S]0) , (6) 


since Tya- by definition is just the fully contracted part of the time-ordered 
product and the operator-valued part Tex_ has a vanishing expectation value. 
This proves the assertion (1). 

The factor (0|S |0) has no physical relevance. It is common to all S matrix 
elements and can be interpreted as the probability amplitude for a vacuum to 
vacuum transition. Since the vacuum is required to be stable (in the absence 
of external forces) this amplitude can only be a phase factor of modulus 1: 
(0|S|0) = e'? with real-valued . Therefore it is sufficient to evaluate the 
matrix elements of the operator 


“a 


os os 
oF ae (7 
(0]5]0) 
i.e., to replace T by Text. 


The first terms of the perturbation series for the phase factor have the 
following form: 
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(ofjoy=1+ Qy + CY Ky em . @) 


An attempt to actually evaluate these graphs would very soon tell us that 
they are represented by divergent expressions. However, as we have seen, we 
do not have to perform this calculation. 


EXAMPLE 


8.4 Moller Scattering and Compton Scattering 


For some simple scattering processes we will explicitly evaluate the second- 
order S matrix element. We do not aim, however, at an exposition of the 
steps that lead from the S matrix elements to observable quantities such as 
scattering cross sections or decay rates. This has been presented in detail in 


the volume Quantum Electrodynamics. The main result is summarized in Sect. 
Selle 


Electron—Electron Scattering 


Let us study the process of Mgller scattering in which two electrons with 
momenta and spins 1, 8; and po, $2 in the initial state are scattered into the 
final state with p{,s{ and p, 54. According to (8.95d) the S matrix element 
is given by 


Spi = (lbp, 0, bp «, SO BF, oy Oba s0 0) 


<P (a1 yb (1) BO (we) wb (wa): AM (21) A” (2) 
aL BO) (1) 


Here we have inserted the appropriate field operators py) for the incoming 


and pi) for the outgoing electrons according to Fig. 8.2. Using the plane-wave 
expansion (8.90) we arrive at 


— Fy 
on. = we * d+ x9 SS 


019020504 


[ot aga = fea d°qg LF ae dP qa m 
iS (2n)3/2 (27) (21)3/2 Bas oe Een 


x u(q1, 1) u(qo,o2)e 1? ele: @ i4a:t2 


DE in = oy Olean ne er Be. 1 C) 


P28 9292" q303 P1S1~ P2s2 


101 
The vacuum expectation value of the creation and annihilation operators as 
usual is evaluated by commuting the it to the left and the 6 to the right: 


—(0|bp, 85 bps bt, O1 Mes ee bgaos of $1 en |o) (3) 
= (55,035 a q3)5s',0,5° (Po Ole bee (Pi — q1)és) all = 42) 


. (5.1045°(P1 = G4) 5s9026° (D2 os q2) = eon a q2)6s.045° (Po a a4)) ; 
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Example 8.4 There are four possible ways to associate the external fermion lines of the 
Feynman graphs with the states of the scattering particles. However, as 
illustrated in Fig. 8.9, the integrands come in pairs which differ just by 
an interchange of the variables 1; and 2x2, thus leading to the same con- 
tribution. This is how the permutation factor 1/2! in (2) gets cancelled. 


Fig. 8.9. Feynman graphs Pp! jee Pp: ae Wes au Pp! pe. 
for Maller scattering. Only 2 t f Z e : Z 
one direct and one ex- 
change graph are topolog- aft, = = 
ically distinct 

Ps P, P, Eons P» P» P, 


The final result for the S matrix element reads 


i mM m mM m 
Pa Oe 2 4 4 esc eae Dae = 
ox: [: FORD comes Toy vce 


x | eflnipadte eile —r)-#1 ap), 95) qut(Da, $2) UPI, $4) WU(Pr5 81) 


— eileh-prdes girs) G( ph, 5) qytu(pr, 1) TPL, 81) We(Pa, 82)| 
= Sy Se. (4) 
This expression consists of a direct and an exchange graph which are added 
with a relative minus sign. This is a consequence of the nondistinguishability 
of the electrons and of the Fermi—Dirac statistics. 
The result (4) gets simplifed when it is transformed to momentum space. 
The Fourier integration in the direct term becomes 


. i . t 4 . 
[atidte, ei(P2—P2)-t2 ei(P1 —P1)-71 i= eid: (z1-22) 1DEa(@) 


d‘q i(p, —pi—q)-71: vy 
= fatter [eae elon -O™ DEY (a) 2n)*54(P4 — Po +0) 
= (21)*6*(p, — pi + 2 — 2) iDp” (p, — Pr) (5) 
and similarly for the exchange term 


. r . t a . 
[ate dtr ei(p2—P1) 22 ei(Pi —p2)-21 ie eid: (z1-22) iD#” (q) 


= (20)*5*(p, — po + Pp — Pi) iDR” (p — 2) « (6) 
In both cases the energy-momentum conservation of the scattering process is 
satisfied. The S matrix element finally reads 


1 m m m m 
Sri = (-ie’? J = f/=— SS SO an, ea Sa, = 
i (27)6 Ep, ae Ey Eps ( ) (Pi Po P1 p2) 
x U(P2, $2) YU(P2, 82) ip” (Py — pr) U(P4, $1) weU(P1, $1) 


— €(P, $y) YuU(Pr, $1) IDE” (pl — po) U(pL, $1) Wu(pe2, s2)| (7) 
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The photon propagator in momentum space in the covariant gauge has the Example 8.4 
general form 
Ss See 
UG) = = + ———__ . 8 
e (@) q? + ie ¢ (q? +ie)? (8) 


The gauge-dependent term, however, does not contribute to the S matrix 
since it leads to spinor products of the form 


THD ea) (7 — 71) u(pi,si) =0, (9) 
because (#1 — m)u(pi,si) = 0 and w(p},s;)(~, — m) = 0. Of course the 
reason the gauge-dependent term vanishes is the conservation law for the 
electromagnetic transition current which multiplies the propagator. 

The result (7) has been obtained in the volume Quantum Electrodynamics 


by using the heuristic propagator formalism. Field quantization provides a 
solid theoretical framework for this and for similar results. 


Compton Scattering 
The initial state for Compton scattering contains an electron p, s and a photon 
k, A, whereas the same particles in the final states are characterized by p’, s' 


and k', \’. Because (8.95c) and (8.95d) are identical, the S matrix element 
reads 


yes 


(0|Bprs@ury SO aj ,bt.|0) 
—ie)? a a 

OO fatter atc (0[Bpredurae 8 er)" Ger) Han)" B™ (eo): 

x :AT) (2, ) AM) (a2) + AG) (x1) AS) (x): a! Ge bt, |0) 


= SEs [tad OY 


7102 AiA2 


ip Hiss d? qe _ le dk, d? ko 
fis Qarj3/2\) Ey, J (Qn)? Ey J /Qn)32u, J J(27)32w 


—ig2-r2 


= 2 


x (qi, 01) ef *! -y# iSp(a) — £2) 7” u(ge, 02) e 
x Alla Wn ene es ae 

Sol eee De Dyger@ mnanenanay50h2|0) 

(Sig) iene Up Ree! ee: 

x (O|Bprsrdury 261, 5, Broodur mat, ,: at bt|0)| . (10) 


The vacuum expectation values of the electron and photon operators reduce 
to a single term each and we obtain for the S matrix element of Compton 
scattering in coordinate space. 


1 m m 1 il 
BS “ae 4. a4 UL 11 
Spe ote) (27) fa ra a0 || 1S VE, Vee = 


x u(p', s \-y# ion _ £2) ay “A(D, s)e Hip’ +21 epee 
x [ef (Bl, M)en(b, A) eR CHE + ey( hy A) (IN) eH ee] 
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g=p+k 


p k 


Fig. 8.10. Direct and ex- 
change graph describing 
Compton scattering of an 


electron. 
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Again the « integrations can be carried out using the Feynman propagator of 
the electron in momentum space 


1 


Sr(q) = eee (12) 
leading to 
m fm 1 1 ve a ; = 
Sf = — VBE ja ol Va (27)* 6*(p' + k' —p—k) 
x| a(p',s')r" iS (p + k) y”ulp, 8) ef (ks A’)er (Fs 9) 
+ H(0',s"')7" iSp(p — k') 7”ulp, 8) en(b, A(R X)] (13) 


Again a direct and an exchange term are present, which this time are added 
with a positive relative sign since the photons satisfy Bose statistics. The cor- 
responding Feynman graphs’ are shown in Fig. 8.10. In contrast to Moller 
scattering the two terms do not arise from the (anti-)symmetry of the initial 
or final states under the exchange of identical particles. Rather they origi- 
nate from the product of photon field operators A Ae 1) A, (x2) which can be 
decomposed in two ways into a product of a creation and an annihilation 


operator. 
Compton Scattering of a Positron 


To conclude this section we will investigate the changes encountered when the 
electron in Compton scattering is replaced by a positron. The lowest-order S 
matrix element in this case reads 


[Rr ae fe 
Oe = a d*2z,d 2 (0|dpy Ger! (14) 


x BH (ay )y"h(ar) Wee) PO (22): tA, (1) Ay (wo): ai dt, |0) - 


This expression can be evaluated in the same way as (10). The vacuum ex- 
pectation value of the Dirac creation and annihilation operators for the case 
of electron scattering, 


(0/6, ‘3! ol, ere bi |o) = bso, °(p' _ qi) Sse & (p oa qQ2) (15) 
is now replaced by 
(0|dp tsi oe Se df ,|0) = =A) Pep i (p' a q2) bso, &(p _ qi) : (16) 


In addition to an extra minus sign we note that the role of the inital and final 
states has been oe As a consequence (11) is replaced by 


Se = oar [inet == (lb 


x O(p, 8 aia iSp(x, = £2) 7 Oe 8 ‘Ve ip: atip’ “BQ 


"In contrast to the Feynman graphs in coordinate space, here the photon lines 
have also been drawn with an arrow. This serves to keep track of the direction of 
the momentum flow. 
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x [eh(R, \en(k, A)ete * eth 
ea( Aes (ke, Nec tot 2], 


In momentum space (13) is replaced by 


il m m il i 


(Q7)P VV By Vo By /2w, /2w,! 
x| O(p, 8)9! iSe(—p + K) y’v(0',s") ef (KN )ev(k, A) 
+ 0(p, 8)" iSe(—p — k) Y’v(p', 8") enh, Aer (R’, %) (18) 


The corresponding Feynman diagrams in momentum space are shown in Fig. 
8.11. The direction of the arrow describing the propagation of the antipar- 
ticle is reversed and at the same time it is assigned a negative energy and 
momentum, —p, leaving the overall balance unchanged. Also, the ordering of 
the spinors is reversed: ti(p’, s')...u(p, s) — U(p,s)...v(p’, s’). These changes 
reflect the concept of Stiickelberg and Feynman that antiparticles behave like 
negative- energy particles that move backward in time. 


Sy = —(-ie)? 


(21)* 6*(p' + ki — p—k) 


RRR, eee 


8.5 The Feynman Graphs of Photon—Photon Scattering 


Problem. Construct the S matrix element for the QED process of photon— 
photon scattering (Delbriick scattering) in fourth-order perturbation theory. 
Show that the factor 1/n! in the perturbation series gets cancelled. 


Solution. The general expression for the fourth-order S matrix element is 


=e\* 
ae = ( “= [ex dt zo d‘r3 dx, 


x (f(T [:0(a1) Alor) B (a1): :p(22) A(w2)b(a2): 


x10) (23) A(ag)b(ws): (x4) A(ra)o(w4):] |0) (1) 
having two photons each in the inital and final state. 
We at = “ A 
li) = Ah Ghia 10) » CFL = Olt dey, - (2) 
If the T product in (1) is decomposed according to Wick’s theorem only those 
terms contribute in which the fermion operators are completely contracted. 
In all there are six different choices for the four contractions, which can be 


schematically labeled by an ordered 4-tupel of the coordinate indices (1234), 
(1243), (1324), (1342), (1423), (1432). The first term, for example, is 


(1234) = by Arh Po Aobe ba Aavs Da haria’ : (3) 
| (ey [i _| 
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Fig. 8.11. Direct and ex- 
change graph describing 
Compton scattering of a 
positron. 
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Fig. 8.12. The six topo- 
logically different graphs 
for photon—-photon scat- 
tering 


Since the x; are just integration variables they can be freely renamed. There- 
fore all the terms are equal and the contraction (3) is simply multiplied by 
the factor 6. 

The evaluation of the Fock-space matrix element 


(O|Gx 1 Gx,» :A(,)A(a2)A(a3)A(x4): ae alae 0) (4) 
poses a combinatorical problem. Each of the A(x;) is expanded into plane 


waves and will contribute either a creation or an annihilation operator to (4). 
This leads to matrix elements of the type 


(O|Gx: a Gxt! alata, 4, ae ce |0) ’ (5) 


where the creation and annihilation operators have to be paired off. In this way 
(4) gives us 4! = 24 contributions (each of the coordinates can be associated 
with each of the four photons). However, four terms can each be grouped 
together since they differ only by a cyclical permutation of the coordinates. 
Combined with the earlier factor 6 we arrive at a multiplicity factor of 24 
which just serves to cancel the denominator 1/4! in (1). We are left with six 
different contributions, which are distinguished by the sequence of photon 
vertices. Thus Delbriick scattering is described by the coherent superposition 
of the six amplitudes depicted in Fig. 8.12. 


is a ee ile Die coils 2 1’ Te il z 

] Z l 2 il Z il Z il 2 i 2 
The S matrix element in momentum space is given by the following analytical 
expression (with the abbreviation N;, = ((2m)32u,) *): 


4 
Sri = —(—ie)* (TJ Nx) [atx dtr d4arg d4ay e7ihi-e1tha-ea— hy waka) 
o=il 


x Sp[¢ (1, A1) iSp (x2 = £1) ¢ (ko, A2) iSp(x3 = £2) 
¢ (ke, A) iSp (x4 — ©3) ¢ (Ki, 4) iSp (a1 — 24)] 


+ 5 permutations , (6) 
or in momentum space 
4 
Sy = —(-ie)* (T] Na.) 64(8 +h — bn bea) 
c= 


x [ate splg¢ (er, 21) iSe() 4a, d2) Se + hy) 
d(ko, Xo) iSp(k ate ke a kg) ¢(k4, x) iSp(k a k1)] 
+ 5 permutations . (7) 
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DANPLE 


8.6 Scalar Electrodynamics 


Quantum electrodynamics (QED) describes the interaction of Dirac particles 
with the electromagnetic field. Since nature provides elementary spin- 4 parti- 
cles (the leptons e, 4,7), which interact predominantly through their electric 
charges, this theory can be easily checked and has great practical relevance. 
Owing to the lack of “elementary” electrically charged spin-0 particles the 
same cannot be said for scalar electrodynamics. Pions (and scalar mesons), for 
example, experience the strong interaction and their electromagnetic charge 
plays only a minor role. Nevertheless it is instructive to work out the theory 
of interacting Klein—Gordon and Maxwell fields. 

Since spin as an internal degree of freedom is absent in scalar electrody- 
namics, this theory in principle should be simpler than spinor QED. We will 
be confronted, however, with a new problem related to the fact that the inter- 
action term now contains derivatives of the fields. Such “gradient couplings” 
complicate the transition from the Lagrangian to the Hamiltonian and even 
will produce an apparent violation of Lorentz invariance. Upon closer inspec- 
tion fortunately this problem will turn out to be fictitious. 

The Lagrangian of scalar electrodynamics, 


eae ee en Li (1) 


is composed of the free Lagrangians Lo of the Klein—Gordon field (see (4.54)) 

and of the Maxwell field (see Chap. 7.2). The interaction term £; is obtained 

as usual through the gauge-invariant minimal-coupling prescription, i.e., one 
= + 

makes the replacement 0, — (0, + ieA,)¢ and ¢* Ou ¢*(0,4 —ieA,). This 

leads to 


Ly = -ieg" 8, GAM + GGA, A". (2) 


To implement canonical quantization, the transition to Hamilton’s formalism 
is made. For this the canonically conjugate fields 


7 = ad) = 0°¢* — ieA°d* , (3a) 
C= FP = 0°¢+ieAd (3b) 


P 
are needed. Since £, contains a time derivative, —ied* Op ¢A°, (3) features 
an additional term. 
The Hamilton density H as usual can be obtained from the Lagrange 


density by 
H = no+nd* — LES — £6, + HG" 
= notn*g* —(¢*b- Vb™- Vo — mo") — Li + Ho” - (4) 
Now the “velocities” ¢, 6* are to be replaced by the “momenta” 7, 7” making 


use of (3a). The contribution of the free photon field can be copied from Chap. 
7. In summary we find 
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H = n(n* —ieA°d) +2*(n + ieA°¢*) 
— G + ieA°¢*)(1* — ieA°d) — Vb* - Vb + Hom — m§*o) = 1h 
= (n*r+ VG" -Vd+m'"d) + Hem — €6°$ (A)? — Li 
= Eee ye (5) 
with the interaction Hamilton density 


Hy —L, — e$*6(A°)? 


cote 
= ied* 0, 6A" —e76*h A, A" — e76*(A°)? . (6) 
The elimination of ¢ and ¢é* from the first term leads to 
i) 
H, = ied* Oy pA* +ied*(n* —ieA°d)A®° —ie(m +ied*A°)GA° (7) 
—e7$*h A, A" — e?$*¢(A°)? 
cris 
= ied* Oy 6 A* + ie(x*o* — 1G) A° — e?6*b A, A" + €76*G (AY)? . 
The last term in H, is known as a normal-dependent term. The origin of this 
name derives from the fact that the quantization scheme can be formulated 
in a more general form starting from an arbitrary space-like hyper surface 
a(x) instead of the equal-time condition xo = 29. In this case the extra 
term becomes e”¢*(x)¢(z) (n(x) A"(x))*, where n,,(x) is the normal vector 
defined on the surface o(x). Since we always employ the special hypersurface 
Zo = const, in our case the normal direction is n, = (1,0,0,0). In this way 
a particular direction in space-time is singled out, which appears to destroy 
the Lorentz covariance of the theory. When working out the perturbation 
expansion, however, one observes that the boson propagator also contains a 
noncovariant part that exactly cancels the normal-dependent term! We will 
explicitly verify this in first-order perturbation theory. 
As described in Chap. 4 the quantization is performed in terms of the 


fields ¢,¢* and 7,7*. We make the replacement ¢ — ¢, 7 > 7, Ay — Ap 
and for the scalar field impose the condition 

[o(a, t), #(x',t)] = [dl (a, t), #1 (2',t)] =i18(@ -2'), (8) 
while the other equal-time commutators are required to vanish. To eliminate 
vacuum contributions we will impose normal ordering on the products of 
operators. 

The discussion so far is based on the Heisenberg picture where the dy- 
namics of the system is fully described by the field operators. To carry out 
the perturbation expansion we need the operators to be in the interaction 


picture, however. As explained in Sect. 8.2 the transition is accomplished by 
the canonical transformation 


Ol(t) = U(t) OF (t) 0-1 (t) . (9) 
According to (8.12) the transformation operator is explicitly given by 
U(t) = elot q—iltt | (10) 


The canonically conjugate fields in the interaction picture are given by 
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Ae) = Opa) , w(x) = O° #lt(a) (11) 


Of course the connection between db and 7 is the same as in the noninteract- 
ing case, since the interaction picture was introduced in order to have field 
operators satisfying the dynamics of free fields. 


Proof of (11): The time derivative of ¢! according to the product rule is 


Og! = (00) HO + 6 (SHO + H8(O-) . (12) 
The time derivative of the time-evolution operator can be written as 
eU = eifot (iS — iH) ett — _jeiffot .—iltt (cl HS eat) 
= ieee (13) 
and 
a ine (14) 


With the equation of motion for the Heisenberg field operator 

id = |e", A] (15) 
(12) becomes 

og! = -i0 ([AF, 6] + (6, A))0- = i", BO. (a8) 
The required commutators follow from (5) and the ETCR (8): 


[s" (x), Ho") = | Ba! [O4 (a), at (a')a8(a')] = ia8t(e) . (17) 


This proves the first part of (11); the second assertion can be confirmed in 
the same way. 


The interaction Lagrangian 7, of (7) is transformed according to (9). The 
spatial (but not the temporal!) gradient coupling 0, does not act on the 
transformation operator U(t), therefore a multiple insertion of I = U~1(t)U(t) 
between the factors in (7) simply yields 


i a A . 

HL = ied't & pA + ie(at lt — #'g") A” 
—er¢it gl Alt Ale a ergit gl any : (18) 
This result looks like the corresponding expression in the Heisenberg picture 
(although the nature of the field operators of course is quite different). This 


changes, however, when the canonically conjugate field operator 7 is expressed 
in terms of the time derivative of ¢. According to (11) this results in 


a « AS re ae aa A 

fa = ie! On gi Ale - eg by ALAM 3 edit gl (ee 

~£j + git (AD)? . (19) 
In comparison with (6) the “normal-dependent” term in the quantized theory 
thus has the opposite sign within the interaction picture. Of course this does 
not change the nature of the problem posed by this term. 


As mentioned earlier, the meaning of operator products will be specified 
by the normal-ordering prescription: 
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man diagrams of scalar elec- 
trodynamics 


Fig. 8.13. Lowest-order Feyn- 


A ion SEP ce Aun Oy aD A Aan, a 
HY = ie:glt 8, GLAM: — e? :G'tg! Al Al: + e? soll! (Al)?s (20) 


The spatial integral over (20) is the interaction Hamiltonian Hi, which is the 
basis of perturbation theory as derived in Sect. 8.3. In the following the index 
I will be dropped for brevity’s sake. z 

Inspecting (20) we note that the interaction Hamiltonian 74; contains a 
linear (e) as well as a quadratic (e*) dependence on the coupling constant. 
Therefore the nth term of the perturbation series of the S operator will be 
a superposition of contributions ranging between the orders e” and (dias Alte) 
obtain a power series in e the terms have to be reshuffled. For the case n = 1 
we find 


ON i [ate 7(14(@)) 


(a) (b) (c) (d) 


The corresponding Feynman diagrams are shown in Fig. 8.13a,b. The 
quadratic term leads to a four-legged vertex where two boson lines and two 
photon lines meet. This is also known by the imaginative name “seagull 
graph”. Depending on the association of the external lines, diagram 8.13a 
could describe the emission/absorption of a single photon or the creation or 
annihilation of a fermion pair. We know, however, that such processes are 
kinematically forbidden. The diagram 8.13b, on the other hand, describes the 
allowed processes of Compton scattering, or the creation or annihilation of a 
fermion pair by two photons. Furthermore there are graphs involving two ex- 
ternal lines only (Fig. 8.13c,d). The closed loops would make a contribution to 
the “self-energy” of the spin-0 boson or the photon, respectively. As we have 
already observed in QED the normal ordering of H, eliminates these unob- 
servable processes from the theory since the expectation value of the normal 
product with respect to the boson or the photon vacuum vanishes. 

As mentioned earlier, there is a further contribution to the S matrix ele- 
ment of the same order e?, which has to be added coherently. This contribution 
comes from $(?), which in full is given by 


§@) = a [atcaty T (Fa (2)Fa (y)) 
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= & fateaty 7{ (ie 8¥(a) 8, (a) 4"(): 
—28:41(2)6(a) Ay(2) AM (0): + €:61(0)6(e) Ao(0)4°(2): ) 
x (ie :'(y) 8, dy) A” (y): 
—e°:8! (uy) (uy) Av(w)A"(u): + €26"(y) (y) Ao(y) 4° (y): ) } . (22) 


The decomposition of the T product into normal products according to Wick’s 

theorem results in quite a number of terms. Looking only at the operator 
structure, we can classify the arguments of the T product into three different 
groups: e?($tgA)(gigA), e9(GtdA)(GtGAA), and e4(gt¢A.A)(GigAA). Each 
of these terms can be decomposed into normal products and contractions in 
several ways. 


(p) (q) (r) 


Figure 8.14 shows the resulting Feynman graphs. Graphs (a)—(e) are processes 
of the order e*. The terms have the same topological structure as in spinor 
QED since the interaction operator in both cases is bilinear with respect to 
the field of the charged particle and linear with respect to the photon field. Of 
course the analytical expressions associated with these vertices differ between 
the two theories. 

The graphs of order e®, graphs (f)—-(j), contain an additional edeael pho- 
ton line glued to one of he two vertices. The graphs of order e* have two 
vertices with two photon lines each. The photon lines can correspond to free 
photons (graphs (k)-(o0)) or they may be contracted to internal photon lines 
(graphs (p)-(r)). 

The trivial nonconnected graphs have not been drawn in the figure since 
they simply correspond to the product of two first-order graphs. Clearly some 
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Fig. 8.14. A collection of 
Feynman graphs resulting 
from the expansion of the 
S matrix in second order 
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of the processes of Fig. 8.14 that violate the joint energy and momentum 
conservation are kinematically forbidden. This is the case for graphs (h)-(j). 

Let us reiterate that Fig. 8.14 contains only the graphs involving two 
vertices. The orders e? and e’ of the power series expansion will also receive 
contributions from graphs with three and four vertices. Only for the order e? 
is it sufficient to restrict attention to the graphs from Figs. 8.13 and 8.14. 

It would be tedious and not very enlightening if we set out to write down 
the algebraic expressions for the contributions to S() made by each of the 
graphs in Fig. 8.14. We will do this only for the representative example of 
the two-boson two-photon interaction in order e? corresponding to the graph 
8.14(a). The contribution to the § operator is obtained from a contraction 


d(a) ot (y): 


= 


A (2) a =e eo 4 A nes ak R fut ai Abt qv 5 
Sopp = 2~5p (le)? [dla dhy:6"(z) On (x) O'(y) Oy O(y) A*(a)A (y):-(23) 


The factor 2 arises since there is a second contraction $t(x)...¢(y) which 
————— 


leads to the same expression after we rename the variables x <> y 


The contraction of the boson field operators ¢(x) and é'(y) usually gives 
rise to the Feynman propagator Ap (x — y): 


iAr(e@—y) = d(z)¥t(y) = (o|T(d(@)4" (@)) 0) 


d4 —ip:(x—y) 
=e i + fae alia (24) 


2x)4 p? — m? + ie 


This function appears in (23) if the first gradient operator acts to the left and 
the second one acts to the right. In addition, however, there are contributions 
where the gradient of the field operator gets contracted. This has to be done 
carefully since the operator 0,, does not commute with the T’ product. Rather, 
the time derivative dp also acts on the step function O(2 9 —Yyo) which implicitly 
is contained in the time-ordered product. 

Let us first evaluate the action of a single gradient operator on the bosonic 
Feynman a Using the product rule we find 


id¥ Ap(x — y) = 4 (0|T (d(x) 9" (y)) |0) 

ay nee (y)|0) ©(ao ~ yo) + (0[8*(y)8(#)|0) @(yo — 20)) 
ee ~ yo) + (0/8,4*(y)}(x)|0) O(yo — ‘ 
+(-}9008(t0 ~ yo){0|b(x) 6" (y)|0) + pie — yo){0|8" (y) ¢(2)|0) 
(0|T (b(x),$"(y))|0) — 9105(20 ~ yo)(0| [4 (2), ot (y)] fhe (25) 


The last term does not contribute: The commutator is the Pauli—Jordan 
function discussed in Sect. 4.4 


iA(c—y) = [d(2x), dt(y)] 


d°p —ip-(2— ip-(a— 
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This function enters (25) for equal time arguments zo = yo. We know from 
(4.104) that 


A(0i,a-y)=0, (27) 


which also can be read from the integral representation (26). Thus we have 
shown 


d(x) OY 9" (y) = 10% Ap(x —y), (28) 


as one would expect naively. However, if a second gradient operator acts, the 
situation changes: 


id, OY Ap(x — y) = G7 d¥ (0|T (d(x) d' (y)) |O) 
= 3% (0|T (d(a) 2,6 (y)) 0) 


a; ‘ches 8,8! (y)|0) (0 — yo) + (0|8.8*(y) (2) |0) O(a — 20)) 


= (0|T (0,4(x)A,¢'(y)) |0) + gu06(ao — yo ){0|[4(x), 6" (y)] 0) . (29) 
The extra term in this case does not vanish! Using ee we find 
Gn06(Xo = U0 )(0| [9( Vo, ' (y) )}|0) = = g06(Xo = yo) to, ACE = y) 
d3p ie 
= a a ip (ey) 7 —ip-(«—-y) 
9n05(%0 — Yo) . (On)? dn, (ive (—ip.)e ) 
= d*p t+ip-(z—y) —ip-(z—-y) 
= igy06(®o — Yo) bose Py (e +e ) : (30) 


The integral vanishes for spatial indices vy # 0 since both terms cancel if one 
makes the replacement p — —p in the second integral. For v = 0, however, 
both terms have the same sign (remember pp = +wp) leading to 


d d3p Sela i 
ig206 (Zo = Yo)9vo — 2Wp e Pp ( y) = 190 gvo O(a ig y) . (31) 
Pp 


Thus the contraction of the gradients of two field operators reads 


8,.9(x) 8,8" (y) = i@ZO¥ Ap(# — y) — iguo 90 6*(a — 9) - (32) 
(en I} 

Thus we have found an extra term that singles out the time-like component. 
Taken on its own this term would destroy the Lorentz covariance of the the- 
ory. It is important to keep in mind that the operations that led to (24), (28), 
and (32) were based on the fact that (a) satisfies the free-field commuta- 
tion relations. The derivations are valid in the interaction picture, not in the 
Heisenberg picture. 

Now we are able to evaluate (23): 


—j)? S - _ e 
33,, = 25M (ie)? fats aty: (dea, dens" W)a.dw 


+ 8,6" (x) 6(a)3,4" (y)4(u) — 9.0" (2) de)" (y),6lW) 
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Fig. 8.15. Two subgraphs 
of a complicated Feynman 
graph which are of the same 
order and always appear to- 
gether. If their contributions 
are combined the normal- 
dependent terms get can- 
celled. 


oie. w)4w)) : AM(a) A” (y): 


= (-i)*(ie)? i dpdeye: (3 (x) 0, (y) 0% Ar( — y) 
+ Oud! (22)4(y) 12 Ap (w — y) — 9.4" (#), $y) iAr(w — 9) 
— $'(x)}d(y) (iazay Ap(z — y) — iguogvo & (x — ”)) 
x AM (x) AY (y): 
= (iC)? fate aty 18" (w) 3 Ara — 9) du): A" @)A*): 
+ extra term. (33) 


The noncovariant extra term reads 
i(—i)? (ie)? i d‘z d4y :6' (x) b(y): gu0 gro (x — y) :A* (x) A” (y): 


ae fate =! (2) h(x): :Ao(a) Ao(z): . (34) 


We realize that (34) just cancels the normal-dependent term that had shown up 
in S“) (see (21)). Here we have shown this to happen for the case of the two- 
photon two-boson § operator in lowest order (e2). However, the conclusion 
holds true in general. As depicted in Fig. 8.15, a two-photon vertex may arise 
as a part of a more complicated higher-order process. Inescapably it will be 
accompanied automatically by another graph of equal order containing two 
one-photon vertices and an intermediate boson line. It is quite obvious that 
the normal-dependent terms will always be cancelled, as in our example.® 

Thus it is sufficient to replace the Hamiltonian (20) by the simpler covari- 
ant expression 


A Sn I oe Sha a & 
H, =ie:6' 0, ¢ At: —e? :b'h A, AY: . (35) 


This leads to the correct result for the S operator if at the same time a 
modified time-ordered product T* is introduced that has the property 


070% T* (b(x)o!(y)) = T (Oub(x)O,8" (y)) . (36) 


® A general proof of this was given in: F. Rohrlich: Phys. Rev. 80, 666 (1950). 
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When contracting two boson field operators, the modified T* is to be used, 
which implies that (32) is replaced by the naive expression 
3,.9(x)8,b" (y) = idfd¥ Ap (a — y) . (37) 


ae 


To summarize: the normal-dependent terms can simply be ignored in the per- 
turbation expansion. 


To arrive at the Feynman rules of scalar electrodynamics we evaluate the S 
matrix element for spin-O Compton scattering as an example: 


Sei = (Olax ep Sat al, 0) . (38) 


Here at and at , are creation operators for a boson with momentum p and for 
a photon with momentum k and polarisation A. The first-order contribution 
to the S' operator (21) reads 


HH) : A a fi 7 ni nN ata 
Sie | d*a (O|Gxy/Ep :6t (x) b(x) A,, (a) A" (2): ef af. |0) . (39) 
Now the expansions of the field operators with respect to free states (in the 
interaction picture) are inserted. The matrix element will contribute only if 
creation and annihilation operators are “paired off” and we easily find 


Sty = ie ie Ny Nu NoNx eiP't ips , 


x eater x’) pees e’(k, A) es al. én(k, A) ev ike H(k!, x) ae 


ie? 2(27)*64(p' + k' ~ p— k) Ny Ny ND, , (40) 


with the normalization factors Np = ((2m)32w,) * etc. The factor 2 origi- 
nates from the two possible associations of the field operators in the product 
SAAR (a). 

The evaluation of the matrix element (33) of the second-order § operator 
is a bit more involved: 


a Ame Sues 
5 ec): [atoaty (Olav Gy 1G" (a) 32 iAp(a — y) a¥ (y): 
x :A#(a) A” (y): ef af, |0) . (41) 


The matrix element is evaluated as in (40). After inserting the Fourier- 
transformed Feynman propagator 


we find 
d*q . 
S@ = (-i)?(ie?)Np Ne Nye [ae dty / Tony Sr (a) 
x eiPt a e ig (z-y) ay eo ipy (43) 


x (cH(R, Net (fe A) el eH + (he, Je” (RI,X1) HE EY) 
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Fig. 8.16. The three 
graphs describing Comp- 
ton scattering of the order 
e? in scalar electrodynam- 
ics 


The gradients in (43) in momentum space reduce to simple multiplication: 
oo, = 
el * OF eit (e—¥) BY evip-y 
= (i) qu + Ph) (Ve +p) LOO (44) 
All the integrations in (43) break down and we are left with 
SO) = (-i)?(ie)? Np Ne NpNu (20)464(p' +k! — p—k) (45) 
x ((-i)(p +k + p')a(-i)(@ +k + pv iAp(p + k) eM (hi, N')e*(K, A) 


+(~i)(p — k' + p'),(-i)(p — k' +p), iAp(p — k') €# (k, A)e’ (k’, ~~) 


As expected, there is a direct and an exchange contribution, as in spinor 
QED. In addition, however, the two-photon vertex from equation (40) also 
contributes to Compton scattering. The three graphs to be added up coher- 
ently are shown in Fig. 8.16. We will not pursue the further steps that lead 
from (45) to the cross section for scalar Compton scattering. This can be 
found in Chap. 8 of the volume Quantum Electrodynamics. 


a) ky ee kh op’ a 
+ + 


p kX p is 8 kn 


Our purpose here is to systematically derive the Feynman rules of scalar 
electrodynamics within the formalism of canonical field quantization. As usual 
all the topologically distinct Feynman graphs with the intended configuration 
of external lines have to be drawn. Both one-photon and two-photons vertices 
have to be taken into account. In addition to the general rules for treating 
external and internal lines given in Sect. 8.6 the following Feynman rules of 
scalar electrodynamics in momentum space apply. 


1. Each one-photon vertex is associated with a fac- 
tor e(p, + pi,), multiplied by the delta function 
(27)464(p' —-p+k). 


2. Each two-photon vertex is associated with a fac- 
tor —2e7g,,, multiplied by the delta function 


(Q7)20+@ =p ek) 


3. For each pair of two-photon vertices that are mutu- 


ally conneced by two photon lines a factor 5 has to 


be taken into account. 


8.6 The Feynman Rules of Quantum Electrodynamics 


Rules 1 and 2 are obvious from the example of scalar Compton scattering, 
which we have worked out in detail. With some practice the vertex factor can 
be read directly from the structure of the interaction Hamilton density (20) 
or Lagrange density (2) 

The symmetry factor t contained in rule 3 needs some explanation. The 
“double seagull graph” in Fig. 8.17a arises from the contraction of the A field 
operators of a pair of two-photon vertices. The Wick decomposition of the 
time-ordered product T(Wy (x)Ay (y)) leads to two contractions of this type: 


A, (x) A, (a) A” (y)A”(y) + Ay(x) Ay (x) A*(y) A” (y) - (46) 


According to rule 2 each of the vertices was associated with a factor 2 to 
account for the fact that the photon lines can be interchanged. However, here 
this obviously leads to double counting and has to be compensated for by 
the factor 4. Note that the analog of Fig. 8.17a represented by the double 
boson line, cf. Fig. 8.17b, does not lead to a correction factor. In this case the 
photon lines (or rather the association of the photon lines with the field op- 
erators A,,(2;)) can be interchanged independently at both vertices, whereas 
the contraction of the two boson lines is unique. 


-2e2 


Factor 1/2 Factor | 


-2e2 
(a) (b) 


BYAMPLE 


8.7 + Theory 


The simplest interacting field theory describes one type of particles that can 
interact among each other. For the case of a neutral spin-0 field the Lagrange 
density can be split up as follows 


(CSc NS see (1) 
with the free Lagrange density 
1 1 
LES = 5 dygd"d — 5m'd? . (2) 


The interaction term £1 is usually expressed as a power series expansion in @. 
The simplest case applies if this series contains only a single term. The “most 
popular” model of this type is the ¢* theory: 


£y =—9V(e) = 5 ¢" : Hy =—-L . (3) 


Here g is a (dimensionless) coupling constant. The factor 1 /4! was included in 
order to simplify later results as it will cancel combinatorial factors that arise 
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Fig. 8.17. A symmetry 
factor $ arises in the case 


of double photon lines 
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in the perturbation expansion. The “potential” V(@) of the self-interaction ¢' 
is quartic, rising fast at large values of |¢| > oo. From a practical point of view 
the ¢° theory would be even more convenient. However, the corresponding 
potential V(¢) = 3,¢° clearly is not bounded from below, allowing for an 
unhindered drop in energy. This renders the pure ¢* theory pathological since 
it will not possess a stable vacuum state (state of lowest energy). This would 
not be noticeable within a formal evaluation of the terms of perturbation; 
nevertheless we prefer to study the more “realistic” $4 theory.® 

After quantization of the ¢ field and the introduction of the normal- 
ordering prescription in the interaction operator (3) the series expansion of 
the S operator becomes 


—_ 14+ dx :94(x): 


1 /—ig\2 % s 
oT (=) [ates d4x2T(:44 (x1): :G4(2x2):) 

+... (4) 
The Feynman rules of the ¢* theory are best found from a simple example 
such as two-particle scattering p, + p2 — p, + py. In contrast to the cases 
treated up to now, in the ¢* theory the quartic structure of the interaction 


terms allows such scattering to show up already in first-order perturbation 
theory. The corresponding S matrix element reads 


SY = (lap dy S% at, af jo 
aig eee 
ei [a2 (Olan dp :¢' (a): La) (Oe (5) 


Splitting the products of field operators into creation and annihilation parts 
leads to sixteen terms, which can be grouped together as follows: 


hts = G4 4 AG GD 4. 6G(I2GH?2 4 al $3 4. G4 (6) 


Equation (5) picks out the part containing two creation and two annihilation 
operators. Use of the plane-wave expansion of ¢ leads to 


: 4 
Oe = a 6 fats [ea d? qo d°q3 d° ga (II Nai) ellgitg2—gs—aa)-2 
: 1=)] 
x (O|ap. Gp) ai a Ag, 4q, alale |0) (7) 


The Fock-space matrix element as usual is evaluated by commutating @ and 
at. The creation and annihilation operators must be exactly “paired off”, 
resulting in 


° In fact the ¢* theory in four dimensions most probably is also not a realistic 
model. Detailed investigations have shown that through renormalization effects, 
i.e., through quantum fluctuations, the interaction completely shields itself, lead- 
ing to an effective coupling constant gren = 0 after renormalization. Thus ¢4 
theory according to present-day knowledge is “trivial”, i.e., noninteracting. For 
more information see M. Liischer and P. Weisz: Nucl. Phys. B290, 25 (1987); 
J. Frohlich, Nucl. Phys. B200, 281(1982). 
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(Olay Gp, GC G..c Gig, Gq, alan |o) 
i (Onykenee ts Oneretrere (Opn One: +e Grnranheains | : (8) 


The two terms within the brackets produce exactly the same integrand in (7), 
which leads to a factor of 2 x 2 = 4. As a result 


86. «(ID ) fats ei(pi +p2—Pi—Pp2)-t 


eee (ie ) (2)* 6*(p, + py — pr — Do) - (9) 


(1) 
SH 


Thus a combinatorical factor 4! has shown up, which cancels the normalization 
factor introduced when the coupling constant g in (3) was defined. That this 
will always happen is easy to understand since there always are 4! equivalent 
alternative to “link the four field operators in ¢4 (x) to the outside world”. 
In the language of Feynman graphs the ¢* interaction is described by a four- 
boson verter. This vertex is associated with the following: 


e Four-boson vertex: factor —ig . x 


Now we evaluate the second-order S matrix element. 
2 NG ye ae Fe 
Sa = s(ar) d*2,d* 25 (Olay: Gps T (:¢ (a1): :o4( (x2):) ay, ou |o) . (10) 


This of course is again evaluated via Wick’s theorem. In our case this reads 


T (:64 (a1): :44(2):) = :44(a1)6*(22): (11a) 
+424 (e)6 (a2) :4°(01)4°(02)s (11b) 
+ * (Geryéten)) Pee ma): (ud 
+S (jenpter)) sBler)6(e2): (114) 
+25 (bebe) (116) 


The combinatorial prefactors take into account the number of different ways 
the (multiple) contractions between the two groups of four field operators each 
can be formed. The denominators in (11c)—(11e) are important. It is their task 
to ensure that the same configuration of contractions is not counted twice. The 
various terms in (11) can be translated into the Feynman graphs of Fig. 8.18. 

Without normal ordering being imposed on ee additional closed-loop 
graphs would have arisen: 


in §(): we) : 
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Fig. 8.18. The second- 
order diagrams of $* the- 
ory 


They produce constant (i.e., momentum-independent) self-energy contribu- 
tions which are eliminated when the theory is renormalized. No harm is done 
if they are discarded from the start. 


XX 2 ee 


(e) 


Using (11c) we can evaluate the second-order S matrix element (10): 


I psy 5@ ae ee 
SB g(t) are fata ate tare 207 
x (Olap: Gp, :@° (1)¢? (a2): a ap, 5 [0) - (12) 


The vacuum expectation value differs en he in (5) only by the fact that 
two different coordinates 1; and x2 are involved. As in (6) there are six terms 
containing two creation and two annihilation operators: 


:$'(a1)¢'(a2): = G-)? (a1) 6+? (22) 
$46) (ar) 6 (22) 6 (21) 0 (a2) 
+ $6)? (a2) 6? (a1) 
ae (13) 
Using this (12) becomes 


1 2 42. is 
2 = (Gt) Se fetaates Gare —20) 


x [ensnias's Th’. (14) 


lll 


i(q1-v1+q2°%1—93°@2—q4-@2) \@ ~ at aq ~ ~~ 
x (e (0 ap! apt, aq, aq, aq, aq, ap, ap, |0) 


i(q1-©1—92°%1+93-©2—q4:£2) |a at oat se ee | 
+4e (ola p’ Gp! Gy 44, Aq. Aq, Ap, Ap, 0) 


i(—91-%1—92-%1+93-"2+94-22) \a Ss , A AN Pe nea 
+e (0 Ap! Ap), Ay, Gq, 4q, Aq, ap, dp, |0) ; 


The vacuum expectation values all have the structure (8). As a consequence 
the q; integrations collapse and after identical terms are combined the follow- 
ing result is obtained: 


1 ¢—ig\2 4? - 3? 
Gy = a =) a ——— 4-2 I [atm d‘z2 (‘Ap (a1 — 22))° 


x (cllrite)-= ewes 4+ el(Pi—p1)-21 gi(p2—p2)-22 


a ei(p2—P1)-#1 a) (15) 


8.6 The Feynman Rules of Quantum Electrodynamics 


The prefactor amounts to $(—ig)*. Equation (15) can also be represented 
graphically. It consists of the coherent summation of the three Feynman 
graphs depicted in Fig. 8.19. 


QO P; P,P, P; 


P, P, By P, Py Po 


Each of these graphs contains a loop formed by the two boson propagators 
connecting x; and x2. Both associations of the coordinates x; with the vertices 
make equal contributions, which leads to the factor 2 in (15). We already know 
that a graph of order n carries a permutation factor n! which cancels the 1/n! 
contained in Dyson’s perturbation series. 

The result (15) is easily transformed to momentum. space: 


d+ as : 
5 = 5(-w) TD m | eat Game 148) ie) 


x favs di’ gy en tit 72) ia-1aa(c1 22) 
x(eileite)s eo i(pi+p2)-22 4 i(pi—p1)-21 gi(P:—p2)-22 
4 ei(p2—Pi)-#1 el(Pi—r2) 22 ) 
1 4 
sey et) (Pa ihe D2) IL»: 
il 
x (I(r + 2) + IPs — Ps) + JP - rr) - (16) 
Here the loop integral J(p) is defined as follows: 


i 


= ae oleae ey Ly 
Fe) = fda aaa (q — p)? —m? + ie 7 
. P2 1 P, ) 1 
q-P, * Py Ge I 
q Ce) 
q q 
P ie P; P, Pi P, 
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Fig. 8.19. The three topo- 
logically distinct boson—boson 
scattering graphs 


Fig. 8.20. Same as Fig. 
8.19 indicating the flow of 
momentum 
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The integration variable q denotes the momentum that “runs through the 
loop”. Figure 8.20 depicts the Feynman graphs in momentum space where 
the lines have now been endowed with arrows that represent the direction of 
momentum flow. 


Remark: Although we will not deal with the topic of renormalization in this 
book it should be noted that results derived in perturbation theory, such as 
(16), have to be treated with care. By simply counting the powers of momen- 
tum, one observes that the integral (17) is logarithmically divergent at large 
values of q: 


1 
J(p) ~ fates =\n/ (18) 


where A is a cutoff momentum introduced to “regularize” the integral. It can 
be shown that this cutoff dependence does not influence physical observables. 
It only affects the renormalization of the coupling constant, leading from its 
ill-defined “bare” value g to the renormalized coupling constant gren, which is 
to be identified with the observable value. 
The result (16) could have been given without intermediate derivations di- 
rectly by using the Feynman rules in momentum space. Only the factor 5 
needs some consideration. Its origin is the same as in Example 8.6 (cf. Fig. 
8.17). 

If more complicated graphs are involved it may become quite tedious to 
find the correct prefactor. Fortunately there is a supplementary Feynman rule 
that deals with this problem. 


e Each Feynman graph carries a symmetry factor 1/S. 


where S=v [[ (nlj™. 
T= 2s oyees 


Here 7, is the number of pairs of vertices connected by n identical lines. 
Lines having an opposite sense of direction (like electrons and positrons) do 
not count as identical. The factor v counts the number of graphs that are 
topologically equivalent, keeping the configuration of external lines fixed. The 
latter definition may sound a bit obscure, so we will illustrate it by an example. 
In ¢* theory the following fourth-order “cat’s-eye” graphs can be drawn: 


3 4 


4 3 


These two diagrams, however, are completely equivalent; they represent iden- 
tically the same mathematical expression, only depicted in two different ways. 
Therefore there is only one such contribution to the boson scattering ampli- 
tude and the 1/n! prefactor will not be cancelled. To take this into account 
the graph has to be multiplied by 5. The overall symmetry factor of the cat’s 
eye graph is 1/5 = 1/4 since vy = 2 and m2 = 1. 


8.7 Appendix: The Scattering Cross Section 


As a counterexample look at the self-energy graph containing a three-boson 
loop: 


1 2 2 1 


The two versions of this graph look very similar but here the sequence of the 
vertices is different. Therefore both graphs contribute and no compensating 
factor 1/v is required. There is still a symmetry factor, of course, since the 
two vertices are connected by identical lines: vy = 1, m2 = 0, 73 = 1, which 
results in 1/S = 1/6. 

We finally note that in some theories the obnoxious symmetry factors do 
not emerge at all. This is true in particular for quantum electrodynamics. Be- 
cause there is only a single simply structured vertex and because the fermion 
lines carry a sense of direction, QED graphs with internal lines are always 
topologically distinct. This is illustrated by the comparison of the following 
corresponding graphs of QED (left) and ¢° theory (right). The right-hand 
graph carries a symmetry factor 1/5 = 1/2. 


opr  —{(]}— 


8.7 Appendix: The Scattering Cross Section 


For easy reference in this appendix we present the connection between the 
S matrix element and the physical scattering cross section. This topic is dis- 
cussed in more detail in the volume Quantum Electrodynamics. 

Starting from the scattering matrix element Ss;, we define the invariant 
amplitude My; by extracting some kinematical factors. For a scattering pro- 
cess with two particles in the initial state and n particles in the final state 
(momentum balance p; + p2 > p, + pp +... + P;,) the connection is 


Oye = i(2m)* 54(p + Pa - oH) eff all oo om 


(8.101) 


Here the factors N; depend on the normalization conventions used for the dif- 
ferent types of particles involved: N; = 1 for spin-0 bosons and photons,'°N; = 
2m for spin-5 particles. 


10 Tf Gaussian units are used the normalization factor for photons is N; = 4m. 
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The differential scattering cross section is given by 


S - 2 
—— NN (Or) 8 Pe > Bae 
4/ (pi po)? — mms ( 2 ) | 
= Nid? x! 
ie 8.102 
all 2E!(2n)3 ee 


The square-root factor is the invariant particle flux, which is essentially given 
by the relative velocity of the incoming particles. Furthermore (8.102) contains 
a delta function that accounts for the energy and momentum balance and a 
phase space factor for each of the outgoing particles. The degeneracy factor 
S has to be included if the final states contains indistinguishable particles. It 
is defined by S = J], 1/9%! where g, counts the multiplicity of particles of 
species k. If polarizations are not measured one has to average over the inital 
spins and to sum over the final spins. 


9. The Reduction Formalism 


9.1 Introduction 


The description of interacting quantum fields is beset with both conceptual 
and technical problems. In particular, the field operators do not have a simple 
interpretation as creation and annihilation operators of isolated particles with 
well-defined properties. On the other hand, one often encounters experimental 
conditions characterized by the interaction of individual particles. Scattering 
experiments are defined in such a way that asymptotically, at times well before 
or well after the collision, specific configurations of free particles are found, 
having well-defined momentum, spin, etc. In the last section we developed a 
method, based on the interaction picture, that allowed the construction of the 
transition amplitude of a scattering process, i.e., the S matrix. 

In the following we will take a closer look at this subject and add some 
conceptual and mathematical details.! The treatment will we based on the 
Heisenberg picture, with the use of time-independent state vectors and field 
operators that carry the full dynamics. The main result will be the asymp- 
totic condition for the field operators and the so-called Lehmann-Symanzik— 
Zimmermann (LSZ) formalism, which provides a “reduction formula” for 
calculating S matrix elements. When evaluated in perturbation theory the 
latter will turn out to be equivalent to our earlier results. Our presentation is 
intended to supplement and elaborate the results obtained in the last chapter, 
not as an exhaustive or rigorous study of interacting quantum field theory. 
Therefore most of the discussion will be limited to the simplest case of scalar 
fields. 

As the starting point for field quantization we postulate that the canonical 
commutation relations are valid also for the interacting field operators. In the 
case of a neutral spin-0 field this amounts to (cf. (4.5)) 


[4(z), 6(y)],,-y, = i8(@-y) , (9.14) 
[d(z), H(y)],,-., = (4(2); $)] yo = °° (9.1b) 


! We do not intend to present a truely rigorous formulation, however. This is done 
in aziomatic orconstructive quantum field theory which tries to set up a math- 
ematically consistent framework starting from a small number of clearly stated 
basic postulates. A standard introduction to this field is: R.F. Streater, A.S. 
Wightman: PCT, Spin and Statistics, and All That (Benjamin, New York 1964). 
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assuming that there are no gradient couplings that modify the canonically 
conjugate field. In contrast to the noninteracting case, however, these commu- 
tation relations cannot be extended to arbitrary coordinates involving unequal 
Himes Lo F Yo- 

The commutator between the field operator and the momentum operator, 
which is the generator of infinitesimal space and time translations, keeps the 
form 


[P* , d(x)] = -i0“d(2) , (9.2) 
which has the formal solution 
d(x) = elP G0) e'?* . (9.3) 


9.2 In and Out Fields 


In the following, we study a system that asymptotically consists of a collection 
of well separated particles. For simplicity the discussion will be restricted, for 
the time being, to the case of a single neutral scalar field. 

Let us assume that in the asymptotic region the familiar construction of 
the Fock space can be carried out. This implies in particular the existence of 
a vacuum state |0). This state will be normalized, 


COO 1, (9.4) 


and will satisfy the condition of Poincaré invariance. The energy and angular 
momentum of the vacuum by convention are defined to be zero: 


ESO - , Meno) = 0) - (9.5) 


The asymptotically (x9 — oo) free quantum field is decribed by Heisenberg 
field operators marked by the index “in” or “out”. These operators are re- 
quired to satisfy the noninteracting field equation, which for spinless bosons 
is just the Klein—Gordon equation 


(O+m?)d¢in(z)=0 , (+m?) dout(z) =0. (9.6) 


where the physical mass m of the particle enters.” 
The field operators ¢in/out can be treated in the usual way. An expansion 
with respect to the plane-wave basis up(x) (cf. (4.27)), 


din(a,t) = [ap (apn up(est) +a}, up(@,2)) , (9.7) 


leads to a set of (constant) creation and annihilation operators that satisfy the 
usual bosonic commutation relations. In this way the n-particle Fock-space 
states, 


\pi, -++5Dnj in) = ale barks a, {0) ’ (9.8) 


? In this chapter a few remarks will be made on mass renormalization. Therefore 
we have to distinguish between the physical mass m, seen in experiments, and the 
bare mass mo, present in the original free Lagrangian of the theory. The latter 
will be affected by the interaction. 
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a ae 
are constructed. (For simplicity we assume that all the momenta are different, 
otherwise a normalization factor has to be included as in (3.34).) The out 
operators satisfy the same equations (9.7) and (9.8) as the in operators. We 
postulate that the vacuum state is stable and unique:? 


|0) = |0;in) = {0; out) . (9.9) 


The quantities of interest are the S matrix elements, i.e., the quantum am- 
plitudes describing the transition from an n-particle in state to an m-particle 
out state: 


= Gi ede, OU peers) : (9.10) 


This can be written as an expectation value of the S operator which connects 
the in and out operators: 


Opn = Ons (9.11) 
This operator should be unitary: 
Sig=f. (9.12) 


To ensure the mathematical validity of this condition the postulate of asymp- 
totic completeness is imposed, according to which the in and the out states 
span the same Hilbert space, which is also assumed to agree with the Hilbert 
space of the interacting theory. This is not a trivial postulate: if particles can 
be permanently combined into bound states the structure of the Hilbert space 
is modified. In the following, we will assume that problems from stable bound 
states do not arise. 

Since the basis functions up(z) are linearly independent, and since they 
are not affected by S, the transformation relation (9.11) also holds for the 
creation and annihilation operators: 


(9.13) 


, A ee ‘s a ee 
ap,out = S Qp,in S ? Gp out =S 


The § operator also describes the transformation between the in and out state 
vectors since 


ieee a6 11) alia! (0) 
=e Sulwoe oF om Gals *|0) 
Salat aia Gn. Peo) 
= § Giese eut) = (9.14) 
Here the stability and uniqueness of the vacuum state were used (a possible 
unmeasurable phase factor was put to unity): 


a0) 02 (9.15) 
In analogy with (9.14) we also have 
(Cina cou qige arms) (9.16) 


3 This will not be true if an open system is studied. Under the influence of an 
external field the in and out vacua can differ since the external field can produce 


particles. 
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so that the S matrix element can be expressed in two ways: 


Sa = (ieee Gis piM SID oo ABI 


(ay, 24400 |S |B enol) (9.17) 


The $ operator should also be consistent with the symmetry properties of the 
theory. Therefore S has to commute with the generators Q of the symmetry 
transformations: 


[el =ae. (9.18) 
In particular this is required for the translations and Lorentz transformations 
usu'=S, (9.19) 


where Y/ is the unitary operator of Poincaré transformations (cf. Sect. 4,3) 
which depends on ten parameters. We will come back to the transformation 
properties of the S matrix in Sect. 10.5. 

We mention that the S operator acts like the unit operator if it is restricted 
to the subspace of single-particle states: 


S|p; in) eral) (9.20) 


Thus there is only one type of single-particle state to which no label in or out 
has to be attached: 

|p; in) = |p; out) = lp) : (9.21) 
This is hardly surprising since a single particle is necessarily free and does not 
experience an interaction. To be more precise: there is always an unavoidable 
interaction with a “cloud” of virtual field quanta surrounding the particle. 
This cloud, however, has already been taken into account in the construction 
of the asymptotic states since (9.6) contains the physical instead of the bare 
mass. 

To evaluate any physically relevant quantity some knowledge of the full 
Heisenberg field operator (x) is required. The operator d(x ) in the context 
of axiomatic quantum field theory is known as the interpolating field. There 
is a (formal) connection between the interpolating field and the asymptotic 
field operators $n fout(£) through the Yang—Feldman equations which we will 
sketch in the following. A modified version of the Yang-Feldman equations 
will be derived in Exercise 9.1. 

As a starting point we consider the field equation for the interacting field 
operator, given by 


(C+ m?)d(x) = j(z) . (9.22) 
Here the “source” j(z) is an operator that in general depends on the field 
operator. Provided that the interaction term in the Lagrange density £ = 
Lo + £; does not contain derivative couplings we simply have 

a aL, 

NO) a 

d9(2) 
In addition, 3(<) will contain a term that accounts for the use of the physical 
mass m instead of the bare mass mo in the Klein—Gordon operator. This term 


(9.23) 
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reads jjm(x) = (m? — m3)¢*(x) := —6m?42(z). The differential equation 
(9.22) can be formally solved by using the Green’s function technique. This 
leads to the Yang—Feldman equations‘ 


na 


i(e) = din(2) ~ fate’ Ante — 2) j(e'), (9.24a) 


na 


fi) eee [ate Axe-2! aes. (9.24b) 


The first term on the right-hand side is a solution of the homogeneous field 
equation. In (9.24) the Klein—Gordon propagator that matches the boundary 
condition is chosen. The incoming free solution din is associated with the re- 
tarded propagator Ap (see Chap. 4.6), which moves a “perturbation” forward 
in time. The outgoing solution dout is associated with the advanced propagator 
Ag. 

It is obvious that both versions of (9.24) solve the field equation (9.22), 
the difference lies in the asymptotics. The asymptotic behavior of the field 
operator involves rather subtle mathematical problems. If the source acts 
only for a finite time interval, i.e., 


A@) =U ore aes (9.25) 
we can immediately deduce that 
lim ¢(t) = din(x) , (9.26a) 
207 — co 
im ¢ = ¢ 9.2 
ott (2) Pout (x) ( 6b) 


This simply follows from the causality features of the propagators: Ar (x — 2’) 
= 0 for 29 < xg and Aa(z — 2’) =0 for zp > zg. Unfortunately in general the 
condition (9.25) is not satisfied. The self-interaction, which in perturbation 
theory is described in terms of the emission and reabsorption of virtual field 
quanta, cannot be switched off, so the contribution of the second term in 
(9.24) never will completely vanish. 

In an attempt to find a better description for the asymptotics of the field 
operator (2) one may weaken the condition of equality and only postulate 
proportionality with the free field operator. Instead of (9.26), 


_ lim | $(2) = VZ din(2) , (9.27a) 
lim, (2) = VZ dour(z) (9.27b) 


will be postulated. Here Z is a renormalization constant that has to be spec- 
ified later. In the absence of interaction the constant is trivial, Z = 1. The 
quantity /Z has a simple intuitive meaning: it describes the probability am- 
plitude that the operator (2) creates a single-particle state |1) when applied 
to the vacuum since 


(1|d(x)|0) = VZ (1|¢in(2)|0) - (9.28) 


4 C.N. Yang, D. Feldman: Phys. Rev. 79, 972 (1950). 
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Because of the interaction, however, the operator (2) can also create com- 
plicated many-particle states, therefore the value of the constant Z should be 
reduced compared to Z = 1: 


Nee. (9.29) 


This question will be studied in more detail in Sect. 9.3. 

Equations (9.27) still do not form a satisfactory description of the asymp- 
totical behavior of the field operator. To wit, if indeed the condition Z # 1 
holds this immediately contradicts the equal-time commutation relations 
(9.1). We would expect 


iP(@-y) = lim (62), dW) enemy = Z1A)in > Fin] coro 
= Zii(x—-y), (9.30) 


since of course also the in-field operators have to satisfy the ETCR. From this 
one would conclude Z = 1, in contradiction to the asserted condition (9.29). 
To escape from this dilemma one has to take a closer look at the mathemati- 
cal notion of convergence when applied to operators. The theory of functional 
analysis warns us to be careful when vector spaces of infinite dimension are in- 
volved and it distinguishes between different types of convergence. Let us look 


at a sequence of operators O;,i = 1,...,00, which in some sense approaches 
the operator O. We indicate this naively by writing 
OO for i— oO. (9.31) 


Strictly speaking, however, the arrow here can have different meanings. The 
strong operator convergence or norm convergence holds if O;|¥) approaches 


O|W) for every vector |W) in the Hilbert space H, ie., 
||O;|¥) — O|v)|| +0 for all |[¥) EH. (9.32) 


Here ||... || is the norm of the state. In our case this will be the norm induced 
by the scalar product. For many purposes, in particular in the realm of scat- 
tering theory, the imposition of (9.32) will be too restrictive. Here one defines 
the weak operator convergence as follows 


(x|O:|%) — (x|O|¥) +0 forall |v) and |W) eH. (9.33) 


Thus only the matriz elements of the sequence of operator O; have to approach 
the matrix element of the operator O. For the envisaged aim this is a suffi- 
cient condition since physical observables are described by (squared) matrix 
elements. From a mathematical point of view, however, the condition (9.33) 
is weaker than (9.32) if an infinite-dimensional Hilbert space is involved. This 
is easily demonstrated by writing down the square of the norm (9.32) and 
inserting a complete set of basis states |x): 


(0: - OZ)? = (w|(O! - 1)(0; - 6)|¥) 
= > ( (vO! — Of|x)(x]0; - Olv) 


> |(716:- Oly. (9.34) 
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Provided that the strong convergence criterion is fulfilled, this sum approaches 
zero, which will then also hold for each of the (positive-definite) terms in the 
sum. Thus (9.32) implies (9.33). The reverse conclusion cannot be drawn, 
however. Since the range of the sum in (9.34) is infinite the vanishing of the 
individual terms does not imply that the sum itself vanishes if the convergence 
is nonuniform.° Thus (9.33) indeed is a weaker condition than (9.32). 

If scattering states are involved that describe particles “escaping to infin- 
ity” the asymptotic behavior has to be described by using weak convergence. 
This applies to ordinary quantum scattering theory as well as to quantum field 
theory. The asymptotic condition for the field operator is obtained if (9.27) is 
interpreted in the sense of weak operator convergence:® 


_ lim, (6 4()|a) VZ (b|din(x)|a) , (9.35a) 
lim (b|d(x)|a) 


ZQ—>+00 


VZ (b|dout(x)|a) - (9.35b) 


These equations are to hold for any pair of Heisenberg state vectors |a) and 
|b). In this way the apparent contradiction we encountered when calculating 
the commutator of field operators is alleviated: if weak operator convergence 
is invoked, the limits As — A and B; — B do not imply that the product of 
the operators approaches 4;B; > AB, therefore (9.30) is not applicable. 


Remark: Even the condition (9.35) is mathematically incorrect since the matrix 
elements are oscillatory functions in time, which do not posses a well-defined limit. 
Strictly speaking the theory should be formulated using smeared field operators. 
These are defined by projecting the field operators onto spatially localized wave 


packets: 
A oo 
a i fe E Ug (x,t) Oo o(x, t) , (9.36a) 
s : oa 
Pin fout = i fo z le (a; t) Oo Pinjoutl ©; t) : (9.36b) 
Here the u(x,t) stand for a complete set of localized solutions of the Klein—Gordon 
equation: 
(+ m’)ue(x) =0. (9.37) 


In (9.36) the interacting or the free field operator is projected onto this set of states 
by using the Klein-Gordon scalar product (cf. (4.25)). The notation in (9.36b) im- 
plies that the smeared asymptotic field operators are time independent, which is 
seen as follows. Using (9.37) and (9.6) and integrating by parts we find 


dogs, = i fete (ui (05 din) - (iu) bin 
= | dx (us (08din) — (V? — m2) uz din) 
= i fate u,(O+m’) din =0. (9.38) 
5 As an example think of the Fourier series a oS ae + ae +...= 4 in which 


each of the terms vanishes in the limit z — 0, whereas the sum remains finite. 
6 H. Lehmann, K. Symanzik, W. Zimmermann: Nuovo Cim. 1, 205 (1955). 
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The last step will not be true, of course, for the interacting field operator b*. The 
corresponding matrix elements, however, asymptotically approach a constant value 
since 


lim (b|6° (ao) |a) = VZ (b|B¥noue|@) : (9.39) 


rg Foo 


In practical work one often avoids explicitly using the smearing prescription, i.e., one 
uses (9.35) instead of (9.39). If mathematical problems are encountered, however, 
one should revert to the wave-packet formalism. 

If plane waves up(x) instead of the wave packets ua(x) are used when forming 


the smeared field operator then b* reduces to 
+. 
apo) = i fats up(x) Oo (2) , (9.40a) 


Sd 
mm ; 3 * ~ 
Gaia = i fa EU Cn Cajon aye (9.40b) 
Here @p;infout is the usual annihilation operator for free particles but the time- 
dependent operator 4p(zo) does not possess a simple interpretation in terms of 


particles because of the interaction. The asymptotic condition (9.39) in this less- 
rigorous form reads 


lim (b|ap(xo)|a) = VZ (blap/e™|a) : (9.41) 


xQ-> Foo 


CROCS [Sse Saas 


9.1 Derivation of the Yang—Feldman Equation 


Problem. Derive the Yang—Feldman equation using the asymptotic condition 
(9.41) for the field operators. 


Solution. With (9.41) and (9.40a) the matrix element of the in annihilation 
operator becomes 


VZ (blap;in|a) = ion i fata’ We ) a (b|¢(2') |a) (1) 


f 
Ly? — OO 


The right-hand side can be transformed into a four-dimensional integral since 
for any point of time 20 


ro 
[av he oo) = [ee P(e" 20) - dx! f def OnE (a ee (2) 


and thus 
— i feta’ De eh (b|4(2')|a)|,. 2, 


-i [ao | day 6 [up (2") a (6|4(x')|a)| 
= (b|Gp(xo)|a) 
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xo 
i fata’ f ax [us (x!) A02(6| d(x") a) — Of uz(z') (6|4(2")|a)]. (3) 
Using the Klein-Gordon equation for the plane wave 


dj up(x) = (V? — m?)up(z) , (4) 


twice integrating by parts, and employing the field equation (9.22), we arrive 
at 


VZ (b|ap;in |a) = (b/ap(xo)|a) =i fata’ [ ax, uae Vale +m?) (b|$(2')|a) 


ZO 
= (b|ap(xo)|a) =i fate’ [ ax, ut(a')(d|j(2')|a) . (5) 
The same derivation can be repeated for the creation operators, leading to 
zo 
VZ (ba), ;,.|a) = (ba! (ao) |a) +i fare’ f dary uk (z')(b|j(2')|a) . (6) 


The field operator can now be constructed by making use of the creation and 
annihilation operators: 


é(2) = i dp (dp (20) p(x) + ab (2o)u%()) , (7) 


and similarly for ¢in(x). Multiplying (5) and (6) by Up(x) and us(x), respec- 
tively, and adding them we obtain 


VZ (b|din(x)|a) (8) 
= (b|d(z)|a) = i feta! fact fap (up(x)ug (2') — Up (©) Up (2')) (b|3(2')|a) : 


The momentum integral is just the Pauli-Jordan function introduced in Sect. 
4.4: 


fe (up (x) us (2') = u(x) up(2')) = Je ia | = ip (e—2')) 
=iA(z—-2z’) ; (9) 

which leads to 
VZ (b|¢in(x)|a) = (6|4(2)|a) + fata’ 0 (x9 — 24) A(w — x’) (b|}(2")|a) (10) 


Multiplication of the Pauli-Jordan function with the step function produces 
the retarded propagator (see (4.158)): 


Ar(a — 2') = O(ao — 1) A(a —- 2’). (11) 


This concludes the proof of the Yang—Feldman equation 


(b|d(a)|a) = VZ (b|din(x)|@) — |[d‘z’ Ap(a — 2’) (b|3(2’)|a) (12) 
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Exercise 9.1 


A similar calculation for the limit x29 — +00 leads to 
(b|¢(z) a) = VZ (b|dout(x)|a) — }d‘x’ Asa(@—-—@) (b|7(2")|a) . (13) 


Comparing these results with (9.24) we observe two differences: in the spirit 
of the weak operator convergence, instead of the operators now their matrix 
elements are invoked, furthermore the asymptotic fields are multiplied by the 
renormalization constant /Z. ~ 


Se See ae 


9.3 The Lehmann—Kallen Spectral Representation 


The invariant functions, in particular the Feynman propagator Ap(x — y) 
and the Pauli-Jordan function A(x — y), play an important role in quantum 
field theory. They are defined in terms of products of the field operators (2) 
and ¢(y) and for free fields can be calculated in closed form (cf. Sects. 4.4 
and 4.5). For interacting fields such an exact solution is no longer available. 
However, there is a very useful formalism that represents the exact functions 
as superpositions of the corresponding free functions taken at different mass 
values, multiplied by a “spectral density distribution”. This spectal density in 
general too cannot be evaluated exactly. It is subject to constraints, however, 
which allows us to draw certain general conclusions, in particular with regard 
to the renormalization constant. This will give us a better understanding of 
(9.29). 

All the invariant functions can be derived from the vacuum expectation 
value of a product of field operators, which we will denote by 


W(x — y) = (0[9(z)4(y)|0) . (9.42) 


This important object is known as the (2-point) Wightman function.’ Equa- 
tion (9.42) can be reduced to a combination of matrix elements of the field 
operator by inserting a complete set of states 


Qe valen: (9.43) 


This basis contains single-particle momentum eigenstates |p ) where p? = m?, 
as well as more complicated many-particle states, the detailed structure of 
which is of no concern for us. In any case we know that the |a) will be 
eigenstates of the momentum operator: 


Pilg p ia. (9.44) 


These states should have a physically attainable space-like momentum and 
positive energy: 


a 2 a 
(po)? >0 and ph? D0. (9.45) 


7 AS. Wightman: Phys. Rev. 101, 860 (1956) used this function as the basis for 
developing his axiomatic formulation of quantum field theory. 
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Using the transformation law of the field operator under translations (9.3) and 
the translation invariance of the vacuum (9.5), we can write the Wightman 
function as 


Wey) = Y(ole'?=4(0) -*#|a) (alet”¥G(0)e-#¥J0) 


So e= i? | (a 6(0)|0) |? . (9.46) 


a 


Now the spectral density p(p*) is defined as 
p(y) = (20) $54 — pl) |(a]4(0)|0)|? 


O(po)p(p”) . (9.47) 


In the second step the condition (9.45) has been used, accoding to which all 
momenta a located within the forward light cone. The function p(p*) is real 
valued, positive definite, and Lorentz invariant. It depends on the scalar vari- 
able p®. Using the definition (9.47) a four-dimensional momentum integration 
can be introduced in (9.46): 
d‘p De — —Aepollaes 
Wow) = [ee lpn) plete e™ (9.48) 


As an additional artifice now an auxiliary integration over a variable s is 
introduced, 


p(r*) = fas 6(p* - 5)0(s), (9.49) 
0 
which allows us to remove the spectral density from the momentum integral: 
/ d*p 2 —ip-(x—y) 
W(x2-—y)= |ds p(s) (an) O(p90)6(p* — s)e PY? | (9.50) 
0 


In this way the momentum integral has been fully decoupled from the prop- 
erties of the interaction, it only depends on the parameter s. In fact, we have 
already encountered the integral in connection with the invariant functions, 
see (4.150). We are dealing with the function iA), 

d*p =e 

iA (g;m") = (a4 O(po) 5(p? — m?) e"?* , (9.51) 

(27)8 

which can be viewed as the Wightman function of a free scalar field of mass 
m = V/s. The Wightman function of the interacting field theory thus can be 
represented as an integral over its free counterpart, multiplied by the spectral 
density. The integral extends over all possible invariant masses, spanning the 
range from zero to infinity: 


W(z-y)= [2 p(s)iAM (a — y; 8) . (9.52) 
0 
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A relation of this kind is called spectral representation or Lehmann-Kallén 
representation.® It is obvious how the various invariant functions of interest 
can be derived from the Wightman function, thus producing their spectral 
representations. For the interacting scalar Feynman propagator we find 


iAp(« — y) (0|T (¢(@)4(y)) |) 
O(xo — yo)W (x — y) + O(yo — ro) Wy — 2) 


8 


ds p(s){ (zo — yo) iA (@ — 938) 


°Q 


+ (yo — 40) iA“ (y — 23 5)| 
= [aso(s)ide(e— vss), (9.53) 
0 


where (4.154) and (4.157) have been used. This relation of course also can be 
transformed to momentum space: 


Ay = Gl > 9.54 
pe) = [4s el) o— (9.54) 
0 
The Pauli-Jordan function for the free theory was defined in terms of the 

commutator 


iA(x — y) = [d(x), d(y)] - (9.55) 


If interactions are present this commutator in general is a complicated 
operator-valued expression. Only at equal times %o = yo is it reduced to a 
c number since the time derivative leads to the delta function (9.1a). How- 
ever, (9.55) can be extended to the interacting case if the definition is based 
on the vacuum expectation value of the commutator: 


iA'(x — y) := (0|[4(2) , ¢(y)]|0) = W(« -—y) —Wly- 2). (9.56) 


Clearly then, (9.52) leads to the following spectral representation of this func- 
tion: 


co 


Ale —y) = [As p(s) Ale - 453) (9.57) 
0 


The spectral density has the following intuitive meaning. Given an interacting 
single-particle state ¢(0)|0) it gives us the probability of finding a free state 
with squared invariant mass s, where s can take on any physically accessible 
values. Indeed p(s) is normalized to 1, as a probability distribution should be. 
This follows from the equal-time commutation relation postulated in (9.1) for 
the interacting field operator. Taking the derivative of (9.56) with respect to 
the time argument yo and equating Zo = yo leads to 


8 G. Kallén: Helv. Phys. Acta 25, 417 (1952); H. Lehmann: Nuovo Cim. 11, 342 
(1954). 
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Aa 


iP®(e—y) = [4(0), d(y)],,-,, = Av (0|[4(x), 6@)]|0) 


to=Yo 


to=—Yyo 


= idyA'(r—y)|, _, = [ds p(s)id,, A(x — y; 8) 
o=¥o0 
0 


= [es p(s)id?(a — y) (9.58) 


where (4.105) was used for the derivative of the free commutator function. 
This leads to the following “sum rule” for the spectral density 


oO 


i eG ad (9.59) 


We have mentioned already that all accessible many-particle states contribute 
to the spectral density. The state with the lowest energy will be the single- 
particle state which has a discrete value of the invariant mass s = m?. If 
there are no stable bound states (as we have assumed in connection with the 
asymptotic condition in the last section) there will be a threshold at s = m? = 
4m? where the continuum of two-particle states begins. ° Higher up there 
will follow other thresholds for more complicated many-particle states. Figure 
9.1 gives a schematic representation of the spectral density p(s). Besides the 
discrete contribution of the single-particle states at s = m* the threshold 
of the two-particle continuum at m? is shown. This continuum displays a 
resonance at m?. 


As announced earlier the sum rule (9.59) leads to a constraint for the renormal- 
ization constant Z. We split (9.47) into the contribution of the single-particle 
states |g) and a remainder 


O(po)p(p?) = 2n)® [aas'(p—4) [(a O01" 
+(2n)> S~ 64(p — p) |(a|4(0)|0) 


“a>1 iis 
With (9.28) and (9.7) the matrix element of the field operator reads 


ke (9.60) 


° If particular selection rules prevail that forbid the appearence of two-particle 
states the threshold may be higher. 


Fig. 9.1. Schematic re- 
presentation of the spec- 
tral function of a scalar 
quantum field which de- 
scribes particles of mass 
m. The threshold for pair 
creation lies at s = m? = 
4m? 
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(q|4(0)|0) = VZ(q |¢in(0)|0) = VZu5 (0) = (1 (O61) 

Then (9.60) becomes 
iL 
(v0) 0(0") = Z faqs —-6"(p ~ a) + Rem. (9.62) 
q 

The q integral can be extended to four dimensions by using the familiar iden- 


tity (see (4.101)) 


co 


ill 
sa = |e Ola) (2 —m?) (9.63) 
We 
which leads to 
Seale = 2 [at20(a)5¢ ri b*(p Sayer 


= ZO(po)6(p? — m?) + Rem. . (9.64) 
Then the sum rule (9.59) becomes 


1=Z+ [os p(s) . (9.65) 


In an interacting field theory certainly more complicated states will be en- 
countered, besides the single-particle states, which have nonvanishing matrix 
elements (a|¢(0)|0). Thus the second term in (9.65) will make a contribution 
and consequently the renormalization constant Z will be smaller than 1, as 
asserted in (9.29). 

A convenient equation determining the exact Feynman propagator can be 
obtained from (9.53) by inserting the decomposition of the spectral function 
(9.64): 


oOo 


L(y} = i. ds p(s)Ar(p, s) = Z Ap(p,m?) + / dsp(s)Ar(p,s). (9.66) 
i) 


2 


TS 


Since the possible poles (or branch cuts) of the second term will lie at higher 
energies, the renormalization constant Z can be extracted from the residue of 
the single-particle pole of the exact Feynman propagator as follows: 


Z= lim AC —m?)Ap(p) . (9.67) 
p?+m 


9.4 The LSZ Reduction Formula 


It is one of the main goals of quantum field theory to provide the means for 
calculating S matrix elements. The latter have been introduced in Sect. 9.2 
as the scalar product between in and out state vectors. This is an abstract 
definition which does not immediately lend itself for practical calculations. 
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For this purpose in the followiug we will derive a “reduction formula”, based 
on the asymptotic condition for the field operator, which will express the S 
matrix element in terms of the vacuum expectation value of a time-ordered 
product of field operators. The fundamental object of interest will be the 
n-particle Green’s function, or simply the n-point function, defined as 


GO (ay,...,¢n) = (0|P(d(21) --$(an)) |0) - (9.68) 


The connection between this function and the S matrix element was elucidated 
by Lehmann, Symanzik, and Zimmermann (see the footnote on page 275) and 
is known as the LSZ reduction formula. In the following, we will present its 
derivation for the case of a neutral scalar field. 

The goal is to express the S matrix element (9.10) for a scattering process 
of n — m particles, 


Se dr Ul pie ye 1) (9.69) 


aS a vacuum expectation value of a product of field operators d(z). This 
connection is made in three steps, which can be roughly sketched as follows: (1) 
a creation operator Gp,.in is extracted from the inital state; (2) it is expressed 
in terms of the asymptotic field operators ¢in(x) and ¢out (x); (3) by using 
the asymptotic condition the transition to the interacting field operator (2) 
is made. This procedure is repeated successively for all particles present in 
the initial state and similarly also for the particles in the final state, so that 
finally a vacuum expectation value of field-operator products is obtained. 

In the first step we address a particle in the initial state, which has mo- 
mentum p;. The S matrix element can be written as 


foie = (Gees Gre Ub al (Daye AD) 


= (ie ee ONO ay nenay ae) 
Gas ao en out |, in _ Gt out |P2, ee ie (9.70) 


The operator at ,;out @Ccts as an annihilation operator on the final states, so that 
the first term in (9.70) will only contribute if one of the momenta qi,...,Qm 


agrees with pj. If this is the case case we get 


m 
Se ty genres Uta, = Pa, in) O(a, — i) 
==) 


(9.71) 


To keep the following calculation simple we will assume that all momenta 
of the incoming and outgoing particles are different. In this way we get rid 
of processes in which some of the particles simply “run through” without 
participating in the scattering. Under this condition only the second term 
in (9.70) has to be taken into account. It would not be difficult, however, 
to include also the terms contained in (9.71) since they simply consist of S 
matrix elements like (9.69) with a reduced number of particles. 

By using (9.40b) the creation operators can be transformed into projec- 
tions of the asymptotic field operators onto the basis of plane waves (or pre- 
ferrably wave packets): 
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a A o 
Cee - cen = i fats (¢in(Z) — dout(Z)) Oxo Up, (2) . (9.72) 


Since this expression is constant it can be evaluated at any chosen point of 
time 2. In particular we can take the limit z9 — oo in the first term and 
gq — —oo in the second term. Under these conditions it is possible to replace 
the asymptotic field operator by its interacting counterpart operator according 
to (9.35): 


Z 6 
ay, ‘in Gh eau = i fare (_ lim Pin (x) Oxo Ce (x) 


— im | dout(t) Bro tts (2)) (9.73) 


Zo 
= -E(_ tim, tim) fa%s b(n) Aco ups (2) 
=z ete se) | ee 
where the latter step, strictly speaking, is valid only in the sense of weak 
convergence, i.e., it should be written in terms of the matrix elements instead 
of the operator itself. After switching to a four-dimensional integral with the 
help of the identity 


(, lim. 7 __jim.,) Ne) = [eo Ooo F (st) : ees 
we can transform (9.73) into 
at at 4 tae 
Ap, ‘in @p,;0ut me wv d tOno(4 (x) Oxo Up, (z)) 


= 22 aq fate (8 (2) e a) = (a) a2 ony, (z)) 
= “+ d‘r (de)(v? — m*)up, (x) — (x) a li (z)) 


————— 


= oe d‘x d(x) (A+ m?) up, (x) . (9.75) 


Here we have used that up, (x) satisfies the Klein-Gordon equation, subse- 
quently an integration by parts was performed. 

The achievement of our calculation has been to reduce the number of 
particles in the initial state from n to n — 1: 


1 4 2 5 2 
Se = Vz d 2 OT ewe dm; OG) | Do, eeper ny (O,+ m?) up, (2) . 
(9.76) 


It is obvious how to proceed further: By repeating the above procedure step 
by step all particles can be extracted from the state vectors. We illustrate how 


the second particle having momentum pp is extracted from the inital state. 
We need 


d(x) ah, in = lim | dPy d(x) din (y) Ay Up, (y) 


iS 


77 = lim dy $(2)$(y) Oyo Up, (y) - (9.77) 


9.4 The LSZ Reduction Formula 


Now comes the tricky point: because of the limit Yo — —oco it does no harm 
to introduce the time-ordered product in (9.77): 


Haan = Fz lim [4°y T((2)4(a)) by tpl) (9.78) 


Introducing a four-dimensional integration as in (9.74), we can change the 
asymptotic limit from the past to the future: 


bo)ab in = To d°y T(4(0)4(u)) by Ups (y) 
Zz | tue (THB) A p())- (9-79) 


When we evaluate the first term the field operators are interchanged because 
of the time ordering: 


ia es dy d(y)o(x) Ay Up, (y) 


=i hin d?y gout (y)4(z) ,, Upo (y) 


Yyo—-+0co 
= CS rer) . (9.80) 
Since all final momenta q; are assumed to be different from p2, (9.80) makes 
no contribution. The second term in (9.79) can be treated as that in (9.75) 


which leads to 
——— ————_— 


Nal i d*y T (d(x) $(y)) (Ay+ m?) up, (y) - (9.81) 


Therefore the S matrix element at the second stage of the reduction process 
has become 


i? 
Se (z) [etzaty (1, +++, 4m out|T ($(x)$(y)) |ps, --.,Pnsin) 
oe 
x (O,+ m*)(Oy+ m7) up, (£) up, (y) - (9.82) 


It is obvious how this formula is generalized for the n particles in the initial 
states. To complete the argument we will now take a look at the corresponding 
derivation for the particles in the final state. As an example we take the second 
reduction step where the following matrix element has to be calculated: 


(q1,-++;4m;out|d(x )|P2,- pan), 
= (qo, 20239 Qm; out| Gq, oud (x )|Pe, ono y ag in) 5 (9.83) 


The steps leading from (9.77) to (9.81) can be repeated with hardly any 
change: 


dao (a) = elim, fey, (0) dan 80) S(2) 


& = jim, d°y uz, (y) yp T(#(y)4(2)) 


(a)darin + Fe ftv Ovo (us.) An TW) A@))) 
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Fig. 9.2. The multi-par- 
ticle Green’s function with 
amputated external legs 


—_—__—_—— 


Sete a [atv (0, + m2) T(d(2)d(y)) , 
(9.84) 


where the first term again will drop out if the momenta are different. The 
further steps are obvious and we arrive at the LSZ reduction formula for 
spin-0 particles: 


Sy, gin Gl Spor eee 
= ay" [atin -a*ymdtes Dudas 


——<—_S=— sos > 


mn wy (Gil aT (Gm) (25, + m*) pe ae m?) 


x (0|T (b(a1) +++ (ym) |0) 


x (G2,+ m?) vee (O,, +m?) ee lan) Wins (Mia). (9.85) 


The S matrix element for a process involving n bosons in the initial and m 
bosons in the final state essentially is determined by the n+ m-particle Green’s 
function G("+™) (71,...,ym). We note that all the fields are treated on an 
equal footing. The Green’s function does not “know” about the incoming and 
the outgoing particles and about their momenta. This connection is made by 
applying the Klein—Gordon operators and by projecting on the plane waves. 
Symbolically, (9.85) can be represented as in Fig. 9.2. Here the central circle 
represents the (n + m)-particle Green’s function and the crosses appended 
to the external boson lines stand for the Klein—Gordon operators. Since the 
differential operator (0 +m7) is the inverse of the boson propagator its action 
in (9.85) is called the amputation of the external boson lines. 

It is useful to transform the reduction formula (9.85) to momentum space. 
The Fourier-transformed n-particle Green’s function is defined as 


a) = [one a 


x (O/T (f(a) ---4(an)) |0) . (9.86) 
Since the wave functions up,(x) are plane waves the integrations in (9.85) are 
Fourier transformations and we obtain, after integrating by parts, the LSZ 
reduction formula in momentum space: 
—j \ntm 
Sfi aa (z) Na ers Nam Np, ats Np, 
x (at — m’) --- (gr, — m2") (pi — m”*) --- (p;, — m?) 
Ga) (Geena Tien) : (9.87) 


with the normalization factors N, = ((27)?2w,)~!/?. Thus the S matrix el- 
ement is directly linked to the many-particle Green’s function in momen- 
tum space. The momenta of the incoming and outgoing particles are counted 
with opposite signs. The function G("+™) is multipled by factors of the type 
(p* —m*). Since the external particles by definition are free they should satisfy 
the mass shell condition p? = m?, i.e., the multiplying factors are zero! Thus 
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to end up with a nonvanishing scattering matrix element S;, the Green’s 
function G("+™) must posses first-order pole on the mass shell of the particle 
momenta. Equation (9.87) then tells us that the S matrix element is the (mul- 


tiple) residue of the corresponding Fourier-transformed multi-particle Green’s 
function. 


Remark on the pole structure of the Green’s function. A closer inspection 
of the n-point function confirms that indeed it has the required poles at p? = m? 
(for all i =1,...,7). This divergent behavior originates from the time integrations 
in (9.86) which extend to infinity. Let us look, for example, at the coordinate i = 1. 
We evaluate the matrix element (9.86) by inserting a complete set of intermediate 
states |~) (a; as was done in (9.43): 


ee (ki, O95) Le) = a [an ahere d‘zn pi dea) 


x (0|6(21)|e) (a|T (b(w2) --- d(@n)) |0) 
xO(t — max(ta,... fin) +.... (9.88) 


Here that region of the integration variable was isolated for which the operator 
¢(x1) stands at the leftmost position in the time-ordered product. Since >) is a 
momentum eigenstate we have, according to (9.3), 


(0|¢(21)|a) =e '?*"*3(0|4(0) |) , (9.89) 
and the z integral in (9.88) becomes 


L= [ae eilki —Pa)-e1 O(t; —T)= [x pe eran) ar [aw elk Pat 
37,0 0 
= (2n)95°(ki — pa) [dtr e*1-P2™ , (9.90) 
with the abbreviation 7 = max(t2,...,tn). The time integral has to be interpreted 


as a singular distribution. Introducing an exponential damping factor we can write 
it as 


: : 1 See eee 
iwt (iw—e)t = i(w+ie)t = — 9.91 
[oe oe a iw +ie) r wrtie (31) 


Using this prescription, (9.90) becomes 


Ag 3 3 5 1 ~i(k?—pe )r 
I, = (2n)° 5°(ki — pa) coe ee e 
k° ene Se = T 
: 3 1 a i(k] —Pq) 
= OD) OS) eer (9.92) 


As discussed in Sect. 9.3, the spectrum of the states |) will have a discrete eigen- 
value for the single-particle states lp) at p* = m? (in addition there will be continua 


at higher values of the invariant mass Po). Thus we learn from (9.92) that the n- 
particle Green’s function indeed has poles “on the mass shell” of the free particles. 


The use of the reduction technique summarized in the formula (9.85) of 
course is not limited to neutral spin-0 fields. Similar reduction formulae can 


287 


288 


9. The Reduction Formalism 


also be derived for other quantum fields. Our discussion, however, will con- 
centrate on Klein—Gordon fields, with the exception of Exercise 9.2 where the 
LSZ formula for Dirac fields is derived. 


XS [a 


9.2 The Reduction Formula for Spin-5 Particles 


Problem. Derive the LSZ reduction formula for S matrix elements involving 
spin-$ particles, leaning on the treatment of the Klein—Gordon field in Sect. 
9.4. 


Solution. The formalism for scalar fields can be easily transferred to the 
case of Dirac fields. Free asymptotic in and out field operators are introduced 
which satisfy the weak limiting condition 


oli (o/b(@)Ja) = VZ2(b|¥in|a) , (1a) 
_ im lb @)la) = VZ2(b|Hour|a) - (1b) 


Here tot is the customary name for the fermion renormalization constant. The 
asymptotic in field operator can be expanded into plane waves as in Sect. 5.3: 


Bina) = [o°p Y>(Bin(P,8)upa() + dl, (P, )%po(2)) (2) 


and similarly for the out field. We have used the following abbreviated no- 
tation for the normalized Dirac plane waves of particles and antiparticles: 


tel®) = Gam uesle (3a) 
1 ; 
Ups(Z) = arya” v(p,s)evP™ . (3b) 


These solutions satisfy the free Dirac equations 
(iV¥—m)ups(x) = (pf —m)up.(x) =0, (4a) 
(iv— mM) Ups (x ) (7 = ™M)Ups (xz) =0. (4b) 


To derive the reduction formula, we must invert (2) to obtain the creation 
operators for in particles and antiparticles 


ih (r.s) = faPodh.(a)up(e) (6a) 

(ps) = facv},(e)bou(e) (5b) 
Similarly the annihilation operators for out particles and antiparticles are 

boue(Pss) = foPzut,(c)bou(e) (6a) 


ies = | da Pty (x)vpe() . (6b) 
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The general S matrix element for a scattering involving n particles and n 
antiparticles in the initial state and m particles and m particles in the final 
state reads 


Spe = (7 outa) (7) 


= (171, +++ 5QmTmi GiF1,---,Gnimj out|pi $1,--. Pda; P31, ---)Padajin). 


At the first stage four different reductions are possible. For example, the ex- 
traction of particle (p51) from the initial state proceeds as follows. Abbreviate 
an b! (pi, 81) |t — (p81); in) and the S matrix element reads 


Oye 


(f;out|bf, (pr, s1)|é — (p1s1);in) 


= lim Oe Ce out| Pi (x)|2 — (p11); in) Up, s; (x) 


La} 


= lim dz, out|pt (x)|2 — (p11); in) Up, s; (x) (8) 


= ip ahs (f; out|#t(x)|i — (prs1);in) up, s; (2) 


( lim — lim ) [ate (Froutlit(a)|é — (Prs1)sin) tyne (2) 


@2qQ——0o x£o—+00 


1 
VL 
The first term can be written as 


lim [dx (f;out|P),.(@)|é — (p1s1);in) up, «, (2) 


xzQq—-+00 
= (f;out|oeue(p1, $1) [i (p1 81); in) (9) 


and vanishes under the assumption that all initial and final momenta are dif- 
ferent. The second contribution in (8) is written as a four-dimensional integral. 
The operator entering the matrix element is 


ie aee — 
V Z2 (ti - jim.) ic a (2) tp s1 (x) 


= TE d+ x d Gi (Be )ttpss (2)| 


= a [atte (0 + Ob) apie) (10) 


The free Dirac equation (4a) (multiplied by y°) reads 


Optinis) = iYo (iy,0* — HO Vee en ) (11) 
so that o becomes 


=> 


dta pt (a )[2 +170 (ink af —m)|upss (x) 


“Tz 
j 


co 
= d‘z ot (x)¥° |-i70 Ge —1Yk of —m| Upisi (x) 


~ Tie d‘a q(x) (—iVe — m) Up, s; (2) (12) 


after an integration by parts. The reduced S matrix element then becomes 
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Exercise 9.2 


oF = d‘z (frout|b(a |i - (pisi);in) (-i¥, —m) Up,s,(z). (13) 


The other three types of first-stage reductions are treated in the same way. 
The results are listed below. 
e An antiparticle (p;5)) in the initial state: 


i 
V 22 
e A particle (qr) in the final state: 
Cs ae d*x Gg,r, (iV. —m) (f — (mri); out w(x) |i; in) ; (15) 
ij Te 


e An gt (9,71) in the final state: 


S'fi =z dz: (= (qr); out|h(x)|i; in) (—iV, —m) vaz,(z). (16) 


The reductions of higher stages can be derived by using the trick of introducing 
the time-ordered product as in (9.78). This results in the general LSZ reduction 
formula for spin-% particles: 


=| n+m j ntm 
os (zz) (sz) 
x [ea oul On 6. dt é,d*y1 = d*ymd ‘hr a as 


4 


Xtlamtm (Ym) Pym — M) ++ Bair, (ys) (Vy. — m) 
X Opa sa (Ea) (iVe, — ™) +++ Ups (21) (Ve, — m) 


x (O[T (W(Gm) ++ BG}D (Ym) +B) (ar) «+B (en) HH) ---B(En)) |0) 


x (1a = 1) Up et) (Hy, — 11) eee) 
X (1a 9) Ogre CH) (Se, eae (17) 


The resemblance between (17) and the scalar reduction formula (9.85) is evi- 
dent. The S matrix element again consists of the many-particle Green’s func- 
tion, which gets multiplied by inverse propagators associated with the external 
lines and gets projected on plane-wave spinors. Note that the Green’s function 
is an object that carries (n-+m+#-+m) four-dimensional Dirac indices which 
have to be paired off with the associated operators (+iY— m) that ampu- 
tate the external lines. Incoming antiparticles play the same role as outgoing 
particles, and vice versa. 


9.5 Perturbation Theory for the n-Point Function 


The LSZ reduction formula provides an elegant way to connect the S matrix 
element with the multi-particle Green’s function. Of course, for any practical 
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purpose this does not solve the problem but only shifts it to the task of 
evaluating the function G) (ay, ..+,%n). As discussed extensively in the last 
chapter this can be achieved by using perturbation theory, which is the only 
available analytical tool for this purpose. All the results obtained in Chap. 8, 
in particular the Feynman rules for constructing the terms of the perturbation 
series, can be repeated using the language of Green’s functions. 

Here we will derive the perturbation theory for the many-particle Green’s 
function applied to a scalar field. Subsequently Example 9.4 will illustrate, 
for some simple Feynman graphs of the ¢* theory, that the LSZ reduction 
formalism produces the same results for the S matrix elements as does our 
earlier treatment, which was based on the interaction picture. 

Obviously one encounters an essential problem when trying to evaluate the 
vacuum expectation value (9.68): the operators (a) belong to the interacting 
“interpolating” fields about which we do not have detailed knowledge. It 
would be much more convenient to deal with the asymptotic fields instead, 
for example, with the in field ¢,,(x). The latter has a simple dynamics and 
any expectation values can be easily evaluated by using the decomposition 
into creation and annihilation operators for free particles. Therefore we will 
strive for a way to express (x) in terms of ¢in(x), and similarly for the 
canonically conjugate field operator 7#(z). The connection is provided by a 
(time-dependent) unitary transformation operator!® U(t): 


d(x, t) =U" (t) din(w,t)U(t) , #(a,t) =U) fin(w,t)0@). (9.93) 


As we shall see soon this transformation is closely related to Dyson’s time- 
evolution operator (cf. Sect. 8.3) which formed the basic building block for 
developing the perturbation series. 

Let us study a system described by a Hamiltonian that can be split into 
a free and an interacting part: 


Ho and Hy, are polynomials in the field operators d and 7. 

The transformation operator U(t) defined in (9.93) satisfies a simple equa- 
tion of motion, which can be obtained from the two different Heisenberg equa- 
tions for the asymptotic and the interacting field operator: 


ido din (a) = [din (x) ’ Hin(¢in, Tin) | ’ (9.95a) 
idod(e) = [d(z), H(6,4)) . (9.95b) 


Since the in-field operator by construction is noninteracting, (9.95a) contains 
only the asymptotic Hamiltonian Hin, expressed in terms of the asymptotic 
field.1! Equation (9.95b), on the other hand, describes the full dynamics of 
the interacting quantum system. 


10 The existence of this operator is not guaranteed mathematically if the system 
allows for stable bound state. Here we will ignore this problem and will take the 
existence of the operator U(t) for granted. 

11 Note that Hin(din, Tin) differs from Ho(¢in, tin) because the former contains the 
physical mass m and the latter the bare mass mo. See (1) and (2) in Example 
9.4. 
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a 


Taking the time derivative of (9.93) and using (9.95) one arrives, after 
some effort. (see Exercise 9.3), at the equation of motion for U(t (ae 


i0oU (t) = H¢(t) U(t) . (9.96) 


Here H¢(t) is the interaction Hamiltonian, expressed in terms of the in-fields, 
to which an undetermined c number function of time, c(t), is added: 


HE(t) = A (din, atin) — Hin (din, tin) + €(t) - Geo 
The function c(t) need not to be specified since it only produces an irrelevant 
phase factor. 

Now we observe that (9.96) looks exactly like the equation of motion (8.35) 
for Dyson’s time-evolution operator. Thus the construction of the perturba- 


tion series for the operator U(t ) can be simply copied from Chap. 8. Again 
the differential equation (9.96) is rewritten as an integral equation 


A 


HOES CaS i ie Eee). (9.98) 


to 
which is solved iteratively in terms of the Neumann series. When we introduce 
the time-ordered product, the perturbation series for the operator U(t (t) takes 
the same form as (8.42): 


foe) 


=> 4-4 ey tn oT dt, T(Hé(ti)... H§(tn)) O(to) - (9.99) 


to 


This can be formally summed to yield the time-ordered exponential function 
(8.44): 


t 
UG) = Texp(-i [ dr His(7)) U (to) . (9.100) 
to 
The analogy to the Dyson operator is complete if we define 
U(t, to) = U(t) U~*(to) ’ (9.101) 


so that the operator satisfies the condition U(t,t) =I. The result (9.100) for 
the operator U(t) can be used to express the many-particle Green’s function, 


GO) (21,...,¢n) = (0|T(¢(21) --- d(@n))|0) , (9.102) 

in terms of a vacuum expectation value which solely depends on the in fields: 
GO (Git) ve (U' (t1) din (ai)U ae U' (tz) din(t2)U (te) 

--+ U4 (tn) bin (tn)U (tn) |0) . (9.103) 


Now the unit operator is inserted twice, ae (t) = HI on the left and 
Ut(t')U(t') = 1 on the right, and (9.101) is used: 
CoG) = (o|T ( (Ut( t)U' (t, t1) din(t1)U diel 
XU (Gea aes ‘))|0) . (9.104) 


The time arguments ¢ and t’ are chosen to be so large that all the other times 
fall into the interval t > t1,...,tn > t’, so that the factors Ut(t) and U(t') can 
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be removed from the time-ordered product. Equation (9.104) can be consid- 
erably simplified if one recalls that the factors in the argument of a T product 
can be placed at arbitrary positions. The time-ordering prescription will take 
care of the correct ordering anyway. Therefore all the factors U(t;,ti41) in 
(9.104) can be combined as follows: 
U(t,ti)U (tr, t2)---U (tn, t') = Ot, t+) . (9.105) 
Thus (9.104) becomes 
GO (x1,...,2n) = (0|Ot (t)T (Gin (£1) din (2) + din (tn) (t, t')) O(€)|0) . 
(9.106) 


To evaluate this matrix element we have to know the action of the operator 
U(+00) on the vacuum. We make the plausible assumption (which can be 
backed by a formal proof) that U in the asymptotic limit t — +00 will not 
influence the particle contents of the vacuum: 


—co)|0)=al0)  ,  U(+oc0)|0) = Blo) , (9.107) 


where the values of the c numbers @ and £ do not have physical relevance. To 
fix these numbers we look at the n-point function of “zeroth order”, which is 
simply the overlap 


(0 | 0) (0|U* (+00) T (U(+00, —co))U(—0o)|0) 
a(0|T (U (+00, —00)) |0) . (9.108) 


Postulating that the vacuum state is normalized according to (0/0) = 1, we 
find 
1 


N = Ba = — (9.109) 
(o|T exp(- ai eee (r)) jo) 

Using this normalization factor the final result for the n-point function reads 

Ge) Ge ee) (9.110) 


= N (OT [din (1) din (22) --- Bin (22m) ep (if dr Hy (r (r))]|0) 


Clearly we are allowed to make the replacement ne A, in this formula since 
the same factor exp(—i f" + dr e(r )) enters in the numerator and denominator 
and thus is cancelled. 

The perturbation series of the n-point function is obtained from (9.110) 
simply by inserting the Taylor expansion of the exponential function: 


oO 7 _+\k 
GG st, ) = NI fern aty (9.111) 
ka i 


x (O|T (din ws) Fin (2) -- Gin (@n) Ha (ya) ~ Fa (yx)) 0) - 


The vacuum expectation value can be evaluated by using Wick’s theorem, 
leading to a summation over all fully contracted operator products. 

The normalization factor NV’ plays the same role as in Exercise 8.3. It 
is identical with the phase factor (0|$|0) which describes unobservable vac- 
uum fluctuations. Therefore the factor NV can simply be ignored provided that 
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all graphs with disconnected vacuum bubbles are left out in the evaluation of 
(9.111). A graph is disconnected if it contains a group of operators Ha (yi) 
that are only contracted among each other, and to not have a contraction to 
a field operator din(2;)- 


BRERA ee 


9.3. The Equation of Motion for the Operator U(t) 


Problem. Show that the transformation operator U(t) defined in (9.93) sat- 
isfies the following commutation relations: 


[ido Ot — Ai (Fin, tin), Gin) = 0, (1a) 

(id 0 Ut — Ay (din, tin), tin) = 0, (1b) 
and obtain the equations of motion for U(t). 
Solution. Taking the time derivative of (9.93) leads to 

idoo =i00Ut binT + OF idogin OT + Ot bin OU - (2) 
The time derivatives of Ut and U are related because of the condition of 
unitarity U'U = I: 

Qu = —U' aus (3) 


Furthermore, using the Heisenberg equations (9.95), we replace the derivatives 
of the field operators in (2) by the commutators with the free or the interacting 
Hamiltonian. This leads to 


[¢, H(¢,%)] = —Ut i090 Ut binU+U' [din , Hin (Gin, ttin)]U+U' bin io ,(4) 
and after multiplying with U from the left and Ut from the right: 
O[$, H(g,#))Ot = -i000 Ut din + [Gin , Hin (ins tin)] + bin 1OoU Ut. (5) 
According to (9.93) the operator U transforms ¢ into ¢in: 
Udtt=on , UOHUtHtn. (6) 
This remains true for any product of field operators since one can always insert 


I = UtU between the factors. Since the Hamiltonian H (4, 7) is a polynomial 
in ¢@ and 7, (6) implies 


U H(¢, 7) ut = H (din, tin) : (7) 
Therefore (5) can be written as 
[din , H (din, tin) = ~i[0oU ut ’ din| ae [din » Hin (ins Tin) | . (8) 


This agrees with the assertion (la). The corresponding relation (1b) for the 
canonically conjugate field operator is derived in the same way. 
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The combination O = CORUM se 1 (din, iin) therefore is seen to commu- 
tate with any of the field operators ¢;, and 7ti,. Since these are assumed to 
form a complete set of operators we conclude that O is a multiple of unity:!? 


io9U Ut — Fy (din, jtin) = c(t). (9) 
This leads to the equation of motion (9.96) 
ioU = (Fi (din, tin) + c(t))U(t) = Ae O(t). (10) 


DANE 
9.4 Green’s Functions and the S Matrix of ¢* Theory 


We come back to the ¢* theory introduced in Example 8.7, which represents an 
interacting field theory with a particularly simple structure. We will show that 
the same results of perturbation theory obtained earlier can also be deduced 
with the help of the n-point function and the LSZ reduction formula 

The normal-ordered Hamiltonian of the ¢* theory, expressed in terms of 
the interacting field operators ¢(x) and 7(«), reads 


ip “ P Z 
BGA) = faeo5:(? + (V6)? +b): + fare $d: 
Ho(¢,%) + Ai(¢,#) a (1) 
Here g is the coupling constant and mo is the bare mass introduced in the 


original free Lagrangian. The asymptotic Hamiltonian, on the other hand, 
describes free particles that posses the observable mass m: 


Fhin(Gins in) = fax 52( a2, + (Woin)” + md): (2) 
Accordingly the interaction Hamiltonian defined in (9.97) reads 
Ai (Gin, tin) = H (din, atin) — Hin (din, in) 
= [ax (Gm - md, ha if,:) 
= Abe 4 Ae (3) 


Besides the “real” interaction, which is of quartic type, this Hamiltonian also 
contains a quadratic mass-renormalization term. This term is responsible for 
shifting the mass by an amount 6m? = mg — m?. As we will see this will 
guarantee that the particles obtain the correct physical value of the mass. 

The first terms of the perturbation series for the two-point Green’s function 
are given by 


GO) (a1, 22) = (0[T (dint (1) din (2) exp(~ (-i fate 7a (a) ))) 0) 
(O|T (¢in(#1)¢in (x2) |0) 


12 & more precise mathematical formulation would be: the din and fin form an 
irreducible ring of operators. 
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1 ‘ “ ie 
+ (i) 56m’ d*z (0|T (din (#1) Gin (2)? Gin (x):)]0) 


+ (-i)Z fate (0[r (Gin(er)dn(2)26h,(0)2) 0) 
ee 4) 


This can be evaluated via Wick’s theorem. The ¢* interaction term does 
not contribute in the first order since no complete contraction is possible; 
remember that the normal-ordering prescription excludes self contractions of 
the operators ¢in(«). The factor 5 in the 6m? term cancels because there are 
two contractions leading to equal results. Accordingly, (4) leads to 


G-) (21,22) = iAp(a1 — 22) 
+ [atciar(es — 2) (—iém?)iAp(a — 2) + OGr), 1G) 


The graphical representation of the perturbation series for the two-point func- 
tion is 


@-|+t+ bebo n (6) 


The mass renormalization term leads to a new type of Feynman graph which 
is represented by a cross instead of a vertex. An extra Feynman rule is estab- 
lished to deal with such graphs. In coordinate space it reads: 


e Each mass renormalization term (cross) is associated with the 
factor —iém? fd‘z. 


Note that the Feynman propagator Ar contains the “correct” physical mass 
m since this, according to (2), is the mass of the quanta belonging to the 
in field din. The interaction H ¢ i leads to self-energy corrections that would 
change the mass. The terms involving Hse? serve to cancel this mass shift in 
such a way that the exact Green’s function G) (21,22) carries the physical 
mass. The expression Hse" is known as the mass counter term. 

Let us study the effect the mass counter term would have in the perturba- 
tion series when taken on its own. The two-point function is represented by 
an infinite series of the “barbed-wire” graphs shown in (6). The correspond- 
ing analytical expression is particularly simple in momentum space. Fourier 
transforming (5), we obtain (cf. Sect. 12.6 concerning the notation of n-point 
functions in momentum space) 


G20.) = fatp ee) G (a, ~ a2) 
= iAr(p) ar iAp (—i6m?)iAp(p) 
+ iAp(—-iém?)iAp(p)(—idm7)iAp(p) +... . (7) 
This is just the geometric series written in the form 
i i eee I 


Toei 
2 Py 2 
Ko 6 eee YoY? (8) 
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where X = 1/iAp(p) = —i(p? — m? + ie) and Y = —idm?. As a consequence 
the two-point functions gives 
2 i 

aa —p) = Ta, ear (9) 
Thus we see that the counter term just has the effect of shifting the pole of the 
Green’s function, i.e., of changing the value of the mass. Obviously one will 
chose the value of 6m? such that it compensates the mass shift generated by 
the “true” interaction (i.e., those graphs of (6) that are not contained in (7)). 
This guarantees that the pole of the exact Green’s function G®) is located at 
the correct physical mass m. 

An ugly feature of this procedure should not be hidden: the value of 6m? 
cannot be calculated in perturbation theory since the Feynman graphs involv- 
ing closed loops are divergent. By introducing the counter term 6m?, however, 
at least we have succeeded in eliminating the infinite (or, to phrase it differ- 
ently, cutoff-dependent) part of the self-energy from the theory. 

The four-point Green’s function reads 


Ge (qi, @o523, 24) (10) 
oi (0|T (din (21) Gin (x2) bin (a3) gin(xa)) ) |) 
a (1) 56m? aly (o|T ( din( (21) bin (2) Gin (23) Gin ( qa). ):)]0) 
a G 1 Se f fete (o|T ( din( (x1) @in(2)in(£3) in(x4):¢ ):)|0) + O(g 2) 
= =. ieee ay GO (11,22, £3, £4) ap ey ad + O(g’). 


For the zeroth-order of perturbation theory Wick’s theorem produces three 
different fully contracted terms: 


Ce (21529, 03,22) = iAp (a — £2) iAp (a3 = a) 
+idp (xy = x3) iAr(r2 = ay) 
+iAp(x — 24) iAp(x2 — 23) . lt) 


This has the following graphical representation: 


By ry 


GS) (x1, 2,23, 24) Se ae =r (12) 


T1 z2 zy T4 


Obviously these graphs describe the independent propagation of two free par- 
ticles. Since the particles are nondistinguishable all combinations of the coor- 
dinates enter on equal footing. 

Mass renormalization leads to six terms in all: 


G{),(«,22,02,24) = iAp(e — ma) fitter Apes — 2) Arle - 24) 
+5 permutations . (13) 


The various terms arise because for each of the free Feynman propagators in 
(11) a mass correction can be made. The corresponding graphs are 
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ry 


Hae x2 


v4 r2 


x3 23—*%— f4 r2—— 14 L2——Y— F3 
+ + + = + 
r1—K— 2 21—-*%— #3 x1 —*%— £4 oT 


2 Dy 


3 Cal 


x4 
The interaction term proper, Gl (21, %2,23,24), reads 
4 
Ee ? Gas XQ,23, L4) 


= —ig [atcide(a — 2)iAp(2o — z)iAr(23 — 2)iAp(x4 — 2) 


en (14) 


From this four-point function the S matriz element can be calculated by using 
the LSZ reduction formula (9.85): 


Si = (pi, po;in| 5 [pi pa; in) (15) 


; 4 
22 ‘ 4 4 4 4 i(p) -yitPo-y2) —i(pi-21t+p2-x2) 
(=) I] dtyydtyod4ayd4a, ellPimtra) @ 
——— —————— ——§ 
x (Oy, + m?)(O,, + m*) GO (y), yo, 21, £2) (O,,+m?)(O,, +m’) . 
Because 
(A + m’) Ar(a) = —6"(2) , (16) 


the Klein-Gordon differential operators cancel the four Feynman propagators 
and four integrations in (14), leaving us with 


SF: = (Z 
x (—ig) [ae (—id*(y. — 2)) (-i5* (yo — 2)) 
x (—i5*(a; — 2)) (—id* (x2 — 2)) 


1 \4 ee os 
= (=) (-io) J] Nn fateetitre mm) 


4 

4 : 

) | Np: dty,d4*yodta,d429 ei(Pi yi +P2-y2—P1 1 —P2-#2) 
cI 


4 
= pa(-ig) T] Nos (2n)* 64(04 + 75 — rr — Pa) - (17) 
t=1 
This essentially agrees with the result of (9) in Example 8.7. 

Extending the calculation to higher orders of the perturbation series is 
quite simple. The Green’s function Gi) (x1, 22,23, £4) will always contain four 
external propagators iAp(z, — yx), k = 1,...,4, which are connected to a 
more or less complicated web of internal lines. These external propagators are 
“amputated” when we switch to the S matrix. For example, for the nontrivial 
second-order contribution to the S matrix element of boson—boson scattering 
we find the graph 


9.5 Perturbation Theory for the n-Point Function 


x + permutations , 


in full agreement with Example 8.7. 

The only difference between this and our earlier treatment lies in the pres- 
ence of the renormalization constant (VZ)~*. In lowest-order perturbation 
theory this factor can be ignored, however. The renormalization constant Z 
itself is a function of the coupling constant g, as can be seen from (9.67): 


Z(g) =1+0(9’) . (18) 


Therefore it is consistent to make the replacement Z — 1 in (17). For higher 
orders of perturbation theory this argument no longer applies. In this case, 
however, additional graphs involving loops will also contribute and a consis- 
tent renormalization of the ¢4 theory has to be carried out. It turns out that 
the Z factors lead to a renormalization of the coupling constant, which results 
in the replacement of the ill-defined value g by the physical coupling constant 


Jren- 
As a practical rule of thumb we summarize: 


e In the lowest nonvanishing order of perturbation theory (i.e., in 
the tree approrimation) one may simply put Z = 1 and 6m? = 0. 
This leads to the correct S matrix element if the physical values 
of the mass m and coupling constant g are used. 


Og) 


10. Discrete Symmetry Transformations 


10.1 Introduction 


In Sect. 4.3 we have studied the transformation properties of quantum fields. 
The discussion was devoted to continuous transformations that can be con- 
structed by starting from infinitesimal transformations “close to unity”. If a 
theory is invariant under such a transformation it will possess a Noether cur- 
rent and thus there will be a conservation law. In addition, however, there 
is the class of discrete symmetries, which have to be described differently. 
Discrete symmetries can be employed to relate the behavior of different phys- 
ical systems, for example, those that differ by an interchange of particles and 
antiparticles. New conserved quantities (e.g., parity, charge parity) and se- 
lection rules can be generated by discrete symmetries. We will study three 
types of discrete transformations which are of fundamental importance: space 
inversion P, charge conjugation Cc, and time reversal T. All noninteracting 
field theories are invariant under hese transformations but this will change if 
interactions are present that break the symmetry. A prominent example for 
this is the famous maximal violation of space inversion symmetry (parity) in 
weak interactions. Also the time-reversal symmetry is (very slightly) violated 
in nature as witnessed by the decay of the K°/K® mesons. 

In the following, we will one by one investigate the transformations PU. 
and J. This will culminate in a discussion of the combination of these fires 
transformations, which leads to one of the most general and fundamental re- 
sults of quantum field theory: according to the CPT theorem any “reasonable” 
theory has to be invariant under the combination of the three transformations. 
As a consequence the masses and lifetimes of particles and antiparticles are 
exactly equal. 


10.2 Scalar Fields 


10.2.1 Space Inversion 


Let us investigate the connection between two physical systems that are iden- 
tical except for a reflection of the space coordinates: 


2— a = (a',t') = (—2,1). (10.1) 


In the classical theory of a free scalar field the equation of motion (which only 
contains second-order derivatives) and the Lagrangian (containing squares 


302 


10. Discrete Symmetry Transformations 


of first-order derivatives) are not affected by a space reflection. Therefore 
the theory is invariant under (10.1) provided that the field function g(x) is 
unchanged or, at most, is multiplied by a phase factor np of modulus lnp| = 1 
to preserve normalization: 


(x) > $'(2') = np dl) - (10.2) 
Remembering Sect. 4.3, we demand that the quantized theory satisfies GiG:2) 
applied to the matrix elements of the field operator. This leads to the trans- 
formation law for the field operator (compare (4.75)): 


Pd(x,t)P~ = npo(—2, t) and Pét (x, t)P7! = nod (—a, t) “(alles 


where ? is the unitary parity operator. The value of np has yet to be fixed. 
As we will show at the end of this section, in the case of a charged field one 
can choose an arbitrary complex phase factor. If the particles are neutral (i.e., 
the field operator is hermitean, $ = $+) according to (10.3) the factor mp has 
to be real, which implies 


np = +1. (10.4) 


The particles described by these two alternatives are said to have positive or 
negative intrinsic parity. Examples for both cases, i.e. scalar and pseudoscalar 
particles, can be found in nature. The intrinsic parity of a given particle has 
to be determined by experiment. (Note that this is only possible if there are 
interactions. The intrinsic parity of a noninteracting field has no physical 
meaning). 

To learn more about the operator P we study its action for the case of 
a free charged Klein—Gordon field. We insert the plane-wave decompositon 
(4.58) of the field operator into (10.3) 


Aa 


|e [P Gp P~ 1 up(a, t) + Pp LP us(a, )| 


= np fer lap Up(—a, t) + bt us(—a,t)| : (10.5) 


The operator P acts in the Hilbert space of second quantization, and thus 
can be moved past the wave function u. Upon space inversion the plane waves 
Up(z,t) = N,exp [i(wpt — p- z)] satisfy up(—z,t) = u_p(x, t). Therefore by 
comparing the coefficients we deduce from (10.5) that 

Pages =e 3) oes qe (10.6a) 


—p? 
and because of the unitarity of P 


(ag ely | UTE iL. (10.6b) 

As one might expect, the inversion of the space coordinates results in the 
reversal of the (three-dimensional) momentum vectors. 

It will be shown in Exercise 10.1 how an explicit expression for the operator 


P can be given that satisfies the condition (10.6). For real values of np the 
operator takes the somewhat involved form 


Aa 


0 aS AS e At G at a At Gg 
P = exp is fe (at ony =F of b_p») - np (at i =e bf ve lee (10.7) 


10.2 Scalar Fields 


This can be verified by using the operator identity 
Aes ee aos eee oe 
e“Be* = B+ [A,B] + a LALA, Bl] +... (10.8) 


from Exercise 1.3. With the help of (10.7) it is easy to study the action of 
the parity operator P in detail. For a start it is immediately obvious that the 
vacuum |0) is an eigenstate of P having the eigenvalue +1: 


2p)= 0. (10.9) 
This must be true since all higher-order terms of the Taylor expansion of 
(10.7) always contain an annihilation operator at the right-most positon and 
thus make no contribution to (10.9). Thus the vacuum has positive parity. 
(Note, however, that this has no absolute meaning. If the opposite parity 
were assigned simultaneously to all physical states, including the vacuum, the 


observables would remain unchanged.) The transformation property of Fock 
states follows from (10.6) and (10.9). For the one-particle state we get 


le a0 Pal Ps P|) app (10.10) 
etc. Also the transformation property of operators related to the “kinematic” 
conserved quantities can be obtained easily if they are expressed in terms 


of creation and annihilation operators and then (10.6) is applied. For the 
Hamiltonian (4.60) we find 


PHP = [®e wpP (at dp + bt Po 
= nm fot p wpa, a_p + dL, bp) 
= Hi. (10.11) 
Thus the parity operator commutes with the Hamiltonian 
(2.0 (10.12) 


and thus is independent of time. Therefore the parity of a state is a conserved 
quantity. Similarly we find the following transformation properties for the 
momentum operator (4.61) and the angular-momentum operator (4.62): 


ppp = —-P. (10.13a) 
PLP = +L. (10.13b) 


This is the appropriate result for a polar and an axial vector. Equations (10.11) 
and (10.13a) can be combined into a four-dimensional expression 


ppt p = Pp, . (10.14) 


The current-density operator of the Klein—Gordon field transforms as follows 


Bjr(a,t)P = iPdt(e,)P d* Ps@,yP> 
= inpnp d'(-z,t) a b(—a,t) 
 . (10.15) 


i.e., the sign of the spatial components is inverted. The result (10.15) implies 
fia the operator of total charge Q is invariant under parity transformations 
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ie ei Sao. (10.16) 


Also the canonical commutation relations are invariant under space reflection. 
According to (10.6) and (4.59) the creation and annihilation operators obey 


[PaypP, Pal, P-'] = mp [ap ay] = 8 (Pp -P'), (10.17) 


etc. Accordingly the transformed field operators satisfy the customary equal- 
time commutation relations 


(Pola, t)P-?, Pot (w, t)P-!] = 16° (a - 2’), (10.18) 
etc. 


The considerations of this section so far have been restricted to the case of 
a free boson field. This applies in particular to the explicit expression for 
the parity operator (10.7). If there are interactions the field operator in the 
Heisenberg picture has a complicated dynamical evolution and also the cre- 
ation and annihilation operators become time dependent. However, we can 
choose a point in time, such as t = 0, for which the interacting field operator 
coincides with its free counterpart, so that @4(0) creates a single field quan- 
tum with momentum p. Starting from this point, we can transform the parity 
operator to arbitrary times by 


P(t) = et B(0) e** | (10.19) 


If the interacting system is parity invariant, i.e., if (10.12) is valid, then P 
will be a constant operator. In the general case (10.19) has to be employed 
to define the parity operator. Here P(0) is given by (10.7) where the creation 
and annihilation operators at time t = 0 have to be used. 

These considerations on the treatment of interacting systems of course 
are not restricted to the parity operator. The same also holds for the other 
discrete symmetries, which will be treated in the next sections. We will not 
bother to spell this out seperately in each case. 


A Remark on the Phase Factor np. As mentioned already it can be 
shown that the phase factor np in (10.3) can be chosen arbitrarily in the case 
of charged fields. This has its roots in the existence of the charge operator Q 
which has the property (see Exercise 4.4) 


(0, d(a)}=-d(e) , = (0, F(a) = 9). (10.20) 


The operator Q can be employed to construct a unitary transformation which 
modifies the phase of the field operator: 


JoOger@ = $+ find, J] + 5 [iad, fad, Jl] + 


a RE ee ic 
@—iad+ ai (-ia)"¢ +... 
= pei, (10.21) 
Then one can define a modified parity operator Bp 
haps (10.22) 


which is unitary as well and which leads to the transformation law 
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P' $(a,t)P' 


P ia (x, t) eee pl 
e'* Dg(a,t) P-} 
= en Won). (10.23) 
Therefore the phase np — e np can be re-gauged at will. Since Q iS a 
conserved quantity P' has the same properties as the original operator P and 
can be used as the parity operator with equal justification. 
This argument has been quite general. It will apply also to the phase 


factors encountered for the other discrete transformation and to other types 
of charged fields. 


10.2.2 Charge Conjugation 


This important discrete transformation has nothing to do with the space or 
time coordinates, instead it is related to the particle-antiparticle degree of 
freedom of a theory. The charge-conjugation transformation replaces a particle 
by the corresponding antiparticle and vice versa. For the field operator of a 
charged Klein—Gordon field this amounts to the following operation. A unitary 
operator C is constructed which has the property 


COG)C* =nod'(z) , Cot(z)C* =nbd(a), (10.24) 
where |nc| = 1. As in (10.5) the plane-wave decomposition immediately yields 

CipC™ =ielip 9 Cine: =a ee. 

COLO =, Cee = erie (10.25) 


Thus the particle and antiparticle operators are simply interchanged. As in 
(10.7) the operator C can be constructed explicitly (cf. Exercise 10.1), with 
the result (assuming a real-valued nc) 


C = exp is [ee (ap + ab bp — no (at Gp + 64 bp))| . (10.26) 


The vacuum is an eigenstate of C having the eigenvalue +1: 
clo — 10). (10.27) 


In general, because @=l,a (@ eigenstate has either positive or negative 
“charge parity”. The operators of energy, momentum, and angular momen- 
tum are invariant under C transformations: 
C PH = Pr, (10.28a) 
Che = L, (10.28b) 
since here the particles and antiparticles enter in a symmetric fashion. On the 
other hand all components of the current-density operator j# (x) change their 
sign: 


o, 


| 
Gy 
ao 
ae 
jab) 
Ss 
o> 
‘Xp 
uo 
II 
Oa, 
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After integrating ae over d°x we find that the charge operator anticommutes 
with G CQ = =0c. This tells us that states with a well-defined nonzero 
charge cannot be eigenstates of the operator C. Only certain special systems 
having vanishing total charge allow the definition of a charge parity. 

Again the canonical commutation relations are invariant under charge con- 
jugation, since 


Gre ere || =e Se@=—). (10.30) 


etc. 


10.2.3 Time Reversal 


The third discrete transformation keeps the spatial coordinates fixed while 
the sign of the time coordinate is inverted 


Goe =(e.t) = (et). (10.31) 


Although this looks very similar to the space inversion (10.1), the time reversal 
is something special, both from the conceptual and form the mathematical 
point of view. In classical mechanics the transition to the time-mirrored system 
corresponds to “running the movie backwards”, i.e., all particles follow their 
trajectories in the opposite direction. The momenta and angular momenta of 
all particles point in the opposite direction and the roles of the initial and 
final configurations are interchanged. The latter property is peculiar to the 
time-reversal transformation 

Let us first consider time reversal prior to second quantization, i.e., applied 
to a “classical” Klein—Gordon field ¢(z). The general ansatz (4.71) reads 


¢'(x') = Ag(z) . (10.32) 


For spatial reflections of the spin-0 field A has simply been a number. This 
will not suffice to describe time reversal. For example, let us consider a Klein— 
Gordon wave function having a well-defined energy E7,: 


Oe) Se Te) (10.33) 
where the time evolution 0...¢ is described by the phase factor. Now the time- 
reversed wave function can be obtained in two different ways. Application of 
(10.32) leads to 

OU) = ees). (10.34) 


On the other hand, it should be possible to obtain the same result by switching 
to the time-reversed wave function at t = 0 and subsequently propagating the 


resulting wave function in time, going into the negative direction 0...—t: 

o! (x, —t) =etiPat Aun(a) . (10.35) 
Equations (10.34) and (10.35) agree provided that 

Nee er Ae (10.36) 
If a c number were chosen for A then FE), = —E,, would have to hold. Clearly 


this condition has no meaningful physical interpretation since it would imply 
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that the energy spectum of the time-reversed system is unbounded from below. 
As an alternative choice we can choose 


A=mrK (10.37) 


where 7r is a phase factor and K is the operator of complex conjugation, 
defined by! 


ROT mate (10.38) 
for complex numbers c. Then the transformation law (10.32) reads 

(x, -t) = nr K¢(a,t) = nr¢*(a,t) . (10.39) 
F is an antilinear operator characterized by the property 

K (cid + c2¢2) = ci Kd + ch Kobe . (10.40) 


When we apply time-reversal twice, the original wave function is regained 
provided that 77 is a phase factor: 


lnr|? = 1. (10.41) 


Now the transformation law (10.39) for the wave function is to be extended 
to the field operator ¢(x). As in (4.72) we define transformed state vectors 


la)=Tla) , |6')=7|p), (10.42) 


and require that (10.39) holds for the matrix elements of the field operator. 
Here one has to take into account that the initial and final states are to be 
exchanged in the transformed system. Thus instead of (4.74) we now require 


(a'|(w, -t)|8") = mr(B|3"(@, t)|a) . (10.43) 


Because of the interchanged states this does not allow us to immediately 
read off an equation for the field operator. For this the operator T has to be 
constructed in such a way that it reverts the interchange. As demonstrated in 
the following paragraph, this is the characteristic property of an antiunitary 
transformation. 


Antiunitary Operators. Let V be an antilinear operator in Hilbert space which 
satisfies 


V (cr]a1) + c2a2)) =ci Viar) +2 Viaz) . (10.44) 
The hermitean conjugate operator V' is defined through 

(a|V"|6) = (6|V|@) (10.45) 
and is antilinear as well. The operator V is antiunitary if it satisfies 

Vvia=Vviy=1. (10.46) 
An antiunitary transformation in Hilbert space, 

lo’) =Vlo) , |e)=VI6), (10.47) 


1 The antilinear operator of time-reversal transformations was first encountered in 
nonrelativistic quantum mechanics where it was introduced by E. Wigner in 1932. 
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ge 


preserves the norm of a state in the same way as a unitary transformation does. 
However, when applied to scalar products it interchanges the “bra” and “ket” vectors 
since 


(6'|a’) = (B[V a) = (alP"|6°) = (a|V1V |) = (a[8) = (Bla)”. (10.48) 


The matrix elements of a linear operator A taken between transformed states can 
be rewritten as 


B'|Ala’) 


Mee ela el ene 
(al714'V 0) 
a 5 Ava 2 (10.49) 


It is possible to show that every antiunitary operator can be factored into the product 
of a unitary operator U and the operator of complex conjugation K. 


V=U0K. (10.50) 


If the time reversal operator is chosen to be antiunitary then (10.49) holds 
and the interchange of initial and final states is reverted. Thus (10.43) leads 
to the operator equation 


(T-16(@,-t)T)' = ord (a, t) , (10.51) 
which can also be written as 

T-'4(x, -t)T = n7¢(a,t) (10.52) 
or, using (10.41), as 

Td(ax,t)T— = nrd(a, —t) . (10.53) 


Though the analogy to the space inversion (10.3) is obvious, one has to keep 
in mind the antiunitary character of ae, 
If we insert the plane-wave expansion of the field operator, (10.53) becomes 


[ern (Pant u,(2, t)+T bt “p(x, t)) 


= nT [er Nola Up(x, —t) + bt uy(Z, -t)) : (10.54) 


where the antilinearity of the transformation is responsible for the complex 
conjugation of the basis wave functions up on the left-hand side. Now the 
plane waves have the property up(x,—t) = u*,(x,t) so that we can deduce 
the transformation law for the creation and annihilation operators under time 
reversal: 


Ti i = NT Ap ’ De, T= nT = : 
TG) T 1c oe 100 eee oa (10.55) 


We note that (10.55) agrees with (10.6). Therefore the action of the operators 
P and T in Hilbert space is the same. However, T is associated with an 
additional complex conjugation. The energy and momentum operators of the 
free Klein—Gordon field are transformed as in the case of spatial inversion: 
TAT 2 ee ia Pe (10.56) 


The angular-momentum operator has the property 
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cr 


l= =I, , (10.57) 
which agrees with the classical notion of a trajectory being traced in the oppo- 
site direction. The sign of (10.57) differs from that encountered for the parity 


transformation (10.13b), because the factor i in (4.62) is complex conjugated. 
The current-density operator is transformed as follows: 


Tj"(2,t)T-+ = T ig! (x, t)T ar Tents 
= -id' (a, =) aH d(a, =H) 
= aya (10.58) 


ie expected the spatial current j reverses its sign, whereas the charge density 
7° remains unchanged. 

Finally we are interested in the influence of time reversal on the canonical 
commutation relations 


[d(x,t), di (a',t)] =i 8 (ae — a’). (10.59) 
Application of TJ ...7~) on the left-hand side leads to 


ALA 


F4(a,) TT da, jt ~F¢(2',)TOT ba, TO 
= [o(z, —t), ¢'(a', -t)] q (10.60) 


On the right-hand side the sign gets inverted since TiT—! = -i. Therefore 
the transformed canonical commutation relation becomes 


(d(z, —t), di (a', —t)] =-if(e-2’). (10.61) 


This is consistent with the result one obtains through the replacement t > —t 
in the original ETCR since the time derivative leads to a reversal of the sign. 


BXERQIS.,E, 


10.1 The Operators P and C for Scalar Fields 


Problem. (a) Construct an operator P that satisfies (10.6), i-e., inverts the 
momentum argument of the creation and annihilation operators 
(b) Do the same for the charge conjugation operator C that satisfies (10.25). 


Solution. (a) Clearly it suffices to satisfy the relations (10.6) for the operators 
Gp and Dy. As a first attempt we make the ansatz 

Pad. (1) 
where the hermitean operator A and the c number coefficient a have to be de- 


termined. The operator (1) should transform a —p particle into a +p particle, 
for arbitrary values of p. The following ansatz suggests itself: 


A= |d*p(ata_y + 6 ae (2) 


This operator clearly is hermitean. Using (4.59) we find it satisfies the com- 
mutation relations 
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ves = [av [oye =—G.5), (3a) 

[A,6,) = i d®p! [6 bp bp] =—b-p- (3b) 
The double commutators become 

[4,[A,ap]}=+a» , [A,[A,bp]] = +6, (4) 


and the formation law for higher-order commutators is obvious. With the help 
of the operator identity (10.8) the action of the unitary transformation P, on 
the annihilation operator Gp can be derived: 


Boe pA a oe 
Pray P; a 


II 
-) 
3 
| 
S 
| 
aS) 
a 


= @,c0sa —la-,5In a. (5) 


The same relation also holds for the antiparticle annihilation operator bp. 
With the choice a = 7/2 the result simplifies to 
Except for a factor of inp or int, respectively, these agree with the desired 


result, (10.6). To implement this factor a second unitary transformation is 
required: 


Pp = eB . (7) 
Since now the momentum should be preserved, we try the hermitean ansatz 

B= | d°p (sat Gp + bh, by ) ' (8) 
The commutators now read 

[B,4p]= -Bép , [B,b>]=—7, (9a) 

|B, [B, Gp |) = 2o7en een | 2) (56, || =eractp., (9b) 
etc. Correspondingly (5) is replaced by 

Bw Ge oe, iB ee ee 

Psa, Ps =O, — 100, -= ap — _ ar Gyeeocc Sipe, (10) 


and similarly for lies With the choice 6 = —1/2 —y and y = —7/2+ 9 the 
transformation P2 ensures that the annihilation operators are multiplied by 
the desired factor. The phase y is defined as 


B=argie ote je — eo (11) 
It is easy to verify that the operators A and B commute, [A, B] = 0. Therefore 


exp Aexp B = exp(A+ B) holds and the combined aaneiormatien can be 
written as 


Pp = Pps = iB eA (12) 
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For real values of np = +1 this result is simplified to (10.7). This is obvious 
for np = +1. In the case np = —1 one can choose y = —7 in the first and 
( = +7 in the second term since y is only determined modulo 27. 


(b) We define 


Gage (13) 
with the rather obvious ansatz 

C= |d*p (ita, + ah by) . (14) 
The commutators of this operator are 

[C, ap ] = —bp , [C, bp ] = Ons, (15a) 

(CC.all=+% , [6,1C,8l] =45,, (188) 
etc. As in (5) this leads to 

elf, — = Gp cos 6 — ibp sind . (16) 
Choosing 6 = 7/2, we get 

Gener = ib, yCib, CC; = ia, (17) 


As in (6) the factors ing or NG are missing, which can be furnished by applying 
the operator P2. Since C and B commute the charge-conjugation operator 
becomes 


EC = iB ite (18) 
= 3 t ee 7 a 7 at 
= expli /d-p (6, Ap + @), bp) — (5 -— Yap ap (5 + 4) bp bp : 
with the phase y = arg7c . 
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The application of discrete symmetry transformations to spinor fields is some- 
what more involved than the corresponding treatment of scalar fields since the 
factor A will now be a matrix in spinor space. Fortunately we can rely on the 
results presented in Chaps. 4 and 12 of the companion volume Relativistic 
Quantum Mechanics (RQM) in this series of books. We only have to translate 
the results presented there for classical Dirac wave functions to the language 
of second quantization. 

For simplicity in this section we will omit the phase factors, i.e., we make 
the special choice of phases np = 7c = Hr = 1. Note that this is justified 
since the remark on page 305 also applies to spinor fields. If there is a charge 
operator that satisfies (10.20) (this may refer to the electric charge or to other 
types of conserved quantities such as the lepton charge) then the phases can 
be freely chosen. 
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10.3.1 Space Inversion 


The transformation law for Dirac wave functions under space inversion is 
derived in Chap. 4 of RQM: 


p(a,t) > p'(-a,t) = yoP(@,t) . (10.62) 
This relation translates to equations for the field operator: 

P (a, t)P? = yoh(—2, t) | (10.63) 
and 

Pp(ax,t)P = b(-2,t)7° . (10.64) 


Inserting the expansion (5.62) we obtain the transformation law for the cre- 
ation and annihilation operators: 


Jeon, DP p,s)P u(p,s) e?* + Pd'(p, s)P~? v(p, s) eres) 


- feo. (b0. s)70u(p, 8) e~*** + dl(p, s)70 v(p,8) eH #*) . (10.68) 


Here the abbreviation j = (po, —p) denotes the four-momentum with inverted 
spatial components. The matrix yo on the right-hand side has the effect of 
flipping the direction of the three-momentum and introduces an additional 
minus sign for the antiparticle component: 


you(p, s) = u(D, s) ’ you(p, 5) = Ge s) * (10.66) 

Proof: Using (5.63) and yo# = #70 as well as you(0,s) = u(0, s) one finds 
pom ptm 

youlp,s) = oF—— _ 00, 8) = SS —— 0 010, 8 

oul.s) = FEAR — u(0,9) = ER — ro (0.5) 
and similary for v(p,s) with you(0, s) = —v(0,s). Thus we find 

Pi(p,s)P* =56,3)  , Pdlp,s)P* =—d(p,s), 

Pit(p,s)P =H(p,s) , Pdl(p,syP-1=—-di(p,s). (10.68) 


Comparing this result with (10.6) we note the minus sign for the antiparticle 
operators. We have found an important physical fact: particles and antiparti- 
cles have opposite intrinsic parity. This is not just a mathematical curiosity, 
rather it has immediate consequences, for example for the decay of positron- 
ium (the bound ete system) for which the ground state has negative parity, 
contrary to what one might expect (cf. Example 6.3). 

Again it is possible to find an explicit expression for the parity operator: 


a 


P= elit [a'r DUO. 0b9,) +A, )4,9) 


ip, blo.) +40, s)dlp.5))} (10.69) 
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a ee ae s—“(“‘“(“‘i‘za“CO 


This agrees with the spin-0 result, see (10.7), if one adopts np = +1 for 
particles and np = —1 for antiparticles. The derivation proceeds as in Exercise 
10.1. 


The transformation law for space inversion of the momentum operator 
agrees with (10.14): 


P Pep! — p, (10.70) 
The extra minus sign in (10.68) is unimportant since only bilinear terms of 
the type b'b and did are present. 

The angular-momentum operator transforms as a pseudo vector, which is 
easily confirmed by using yoyo = yo(¥507)o = Z: 


PIP? = [aoG(—2,t)yo(-ie x V +3 B)0H(-a,2) 


[eedt@,0(-i x V+ 52) 0(—2, 1) =+J. (10.71) 


Accordingly, the helicity of a particle changes its sign upon space inversion. 
The current-density operator (we use the simplest version since normal 
ordering and antisymmetrization do not matter here) is transformed as 


Pj*(e,t)P = Py(a,t)P y" Pha, t)P> 


(2, tox" oP(—a, t) = b(—a, t)y(—a, t) 
iro). (10.72) 


p 
p 


The time (space) components of the current density are even (odd) under 
space inversion. 


10.3.2 Charge Conjugation 


Charge conjugation exchanges the roles of particle and antiparticle spinors. 
According to (12.15) in RQM this is effected by the transformation 


p(x) > o-(2) = CyoKY(z) = Cryo*(z) = Cp" (2). (10.73) 


Both wave functions (xz) and (a) satisfy the Dirac equation but their 
coupling to the electromagetic field involves oppposite signs of the charge 
e. The charge conjugation matrix C is constructed such that it produces 
transposed gamma matrices: 


Cat Cr Saat (10.74) 
C has the following properties: 
Ga C| C6} ——C . (10.75) 


Within the standard representation of the Dirac matrices it is given by C = 
iy?7°. Because of (10.73) the transformation law for the field operator reads 


C bx) C = Cp" (a) (10.76) 
and similarly for the adjoint field operator 


C(x) C-! = —fT (2) Ct (10.77) 
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Or 
Cpi(z)C-! = YT (2) 7° Ct. (10.78) 


Insertion of the plane-wave expansion in (10.76) leads to the condition 


[orm do (Coe, s)C1u(p, s) e?* + Cdl (p, s)C~*v(p, s) ta 


= Jeon, >s @ (p,s)C at (p, 8) gale d(p, s)C or (p, 8) os) F 
(10.79) 

Under charge conjugation the unit spinors u + v are interchanged: 
Cal (p,s)=v(p,s) , Co (p,s)=ulp,s). (10.80) 


Proof: (10.80) may be verified by using explicit expressions for the unit spinors. 
Also a more intuitive argument can be given. It is easy to verify that a" (p, s) 
satisfies the Dirac equation for antiparticle spinors (# + m)v(p,s) = 0 since 
we find, according to (10.74) and (5.64), that 


(y +m)CU™(p, s) = C(—p? + m)a" (p, s) = Cap, s)(¢ — m)]” = 0.(10.81) 


The use of the same spin variable s on both sides of (10.80) is justified: a 
brief calculation shows that Ci (p,s) is an eigenstate of the spin projection 
operator 


S(s) = (i 42950) (10.82) 
satisfying 
S(s)Ca™ (p,s) = Ca™(p,s) and Z(-s)Cu'(p,s)=0. (10.83) 


The same reasoning can be applied to Cv! (p, s). 


The transformation law for the creation and annihilation operators is obtained 
from (10.79) and (10.80): 


Cb(p, s)C“* = d(p, s) CiGses — oper 
Cit(p,s)C 1 =d(p,s) ,  Cdi(p,s)C *=biG@,s). (10.84) 


This again allows an explicit construction of C. Since the relations (10.84) are 
identical with the spin-0 result (10.25) we can simply copy the previous result: 


a 


C = eye is fe S> (dp, s)b(p, ose bt (p, s)d(p, s) 


—b' (p, s)b(p, s) — di(p, s)d(p, )) (10.85) 


Again the energy and momentum operators are invariant under charge con- 
jugation, 
CIE ee (10.86) 


and the charge operator transforms as 
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Any, B= all pe ay 4 a S 
Cpe” = ela [-d7 ct, ou] 


eae 


1 Raa 
5] = slay ace [do Bs] 
= ee ==j" (10.87) 


where (10.74), (10.76), and (10.77) have been used. Here it was important 
to employ the antisymmetrized version of the current operator. Otherwise we 
would have obtained 


Cp pet = Pryet yt £ boyd. (10.88) 
The two expressions differ by an undetermined (divergent) term which has its 


origin in the anticommutator of p(x) and 7(zx). An alternative possibility to 
eliminate this vacuum term makes use of the normal-ordering prescription as 
demonstrated in Exercise 5.2. This is expressed by 


C bythe! = — sbytbe (10.89) 


The canonical anticommutation relations again are invariant under charge 
see 


{Chala)e* , Cha(a')\C} an = {( (CB (2))as (B()°C" a} at 
= cae z),Y ho (a! eee EO 
a a (C7 ci), 0 (zr )(CCe) 
= §(a — 2') bag - (10.90) 


<= 


il 
50 0B VBC. 76 [da 


10.3.3 Time Reversal 


The definition of the time reversal applied to Dirac wave functions can be 
found in Chap. 6 of RQM: 


w(a,t) > w' (a, -t) = Tp(a2,t) = ToK (a, t) = Top" (a, t) . (10.91) 


Here T = T)K consists of a matrix Tp acting in spinor space and the operator 
of complex conjugation K. The antilinear operator T satisfies the defining 
relation 


ae Ey, (10.92) 
or 

eg Fy Vn = ail (10.93) 
In the standard representation of the Dirac matrices 

T =iy'y? = -i7°C (10.94) 
satisfies this condition. This matrix has the properties 

%=T 1 =T!=-Ti=-Ty . (10.95) 


The free Dirac equation 
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eee eee eee eee eee ee ee ee 


(17° Oo + iy*O, — m) p(w, t) = 0 (10.96) 


is form invariant under the transformation (10.91). This is verified by multi- 
plying by T from the left and using (10.92): 


(Gilet) amor, Tif 'Ty'T-'d, —m)To(a,t) = 0, 
(—i7°do — i7nOx — m)TY(@, t) 0, (10.97) 
(i7° Oo + iy" Ox — m)T p(x, —t) 
For the matrix elements of the field operator 7(z), (10.91) implies 
(a' |b(a, -t)|8') = (B|To' (a, t)|a) (10.98) 
or, similar to (10.51), 


(F-b(e, -t)T)' = To bt (@,t). (10.99) 


Here a phase factor might emerge for which we have simply chosen the value 
ny = 1. The transformation law for the field operator can also be written as 


T (x,t) T—! = To (a, -t) (10.100) 
and 
F (x,t) T-! = va, -t)TI (10.101) 


We note in passing that twice applying time inversion leads back to the original 
spinor, ulated by a phase factor —1: 


qT 2,)T OT =T Ip W(a, -t)T = Te Tod(a, t) = —P (2,2) . 
(10.102) 


This is reminiscent of the characteristic property of spinors that have to be 
rotated twice (i.e., by an angle of 47) to get reproduced. 

The transformation law for the creation and annihilation operators this 
time takes a somewhat more complicated form. Equation (10.100) leads to 
the condition 


Jorn, D (For. s)F 1a, 8) As + TOT 10" (0,8) P*) 


= |e pNp “(be 3) Tou(p, s) eth? + d' (p, s)y0 Tov(p, $) eb) : 


(10.103) 


where again the abbreviation p = (po, —p) was employed. The action of the 
matrix Jp on the unit spinor leads to the reversal of momentum and spin and 
to an additional phase factor. To derive the details we can employ the explicit 
form of the unit spinors (5.63) and use the anticommutation property of the 
gamma matrices y“y" = —y"y" + 2g#”. The application of (10.94) produces 


On ae ay 
2m(po +m) 
0) 1 2 3 
PoP =m +m? — ps tm 
= ; EOE a ee ee u(0,s). (10.104) 


\/2m(po + m) 
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In the standard representation we have 


tere | Oo 04 0 o3 \_ fio. 0 
v= (o ale = Gee (10.105) 


The Pauli matrix 


uo 
ion = ee 5) (10.106) 


flips the spin: 
i92X41/2 = FX¥1/2_ , thus y'7?u(0,s) = (-1)°t!/2u(0, 3) , (10.107) 


where 5 = (so, —s) denotes the flipped spin. The annoying sign of the poy? 
term in (10.104) can be eliminated by complex conjugation of the whole ex- 
pression since (in the standard representation) u(0, s) and all gamma matrices 
except Y? are real valued: 


Bier si i| aye t200, 5) 
2m(po + m) 
= Nees a. (10.108) 
The antiparticle spinors can be treated in the same way: 
teen 1) ban" (p, 8): (10.109) 


Now we are in a position to deduce the transformation law for the creation 
and annihilation operators from (10.103): 


Me 1)? 7 ol sn Td(pys\t = = 1-1)" dis) , 


Toi (p,s)T~! = —i(-1)°"/76t(p, 3), Tdt(p,s)T—! =i(-1)*-/?dt (9, 8) . 
(10.110) 


If we had chosen a different basis for the polarization states (e.g., eigenstates 
of the helicity operator) we would have obtained other phase factors. Apart 
from these sign factors, (10.110) tells us that time reversal leads to a flip of 
the momentum vector and the spin direction. 

The energy and momentum operators transform as 


GPR 18, (10.111) 


and the angular-momentum operator (5.23) is found to change its sign upon 
time reversal: 


e & 1 5 b 
FI(t)T F [Bx Bw, t) (-ie xV+ 52) Bw, )F- 


PaaS a 1 en x 
tees Ti'(x,t)T a xV+ 52) Tha, t)T 

3 lat oe i; 
= a ; (10.112) 


Here we used (10.93) and various properties of the gamma matrices: 
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To ts = Tewe (57°) we = To y57°¥*To = y7°To "To 
= »y(-y)=-z. (10.113) 


When deriving the transformation law for the current operator we have to 
take into account the antilinear character of the time-reversal transformation 
T: Ty# = y"*T. Using (10.93) we obtain 


Tie) T = TWO, 70) 
= ati \T-1y"* T(z) of PT (a)T TT eh (a) TO 
= Lie, nT Tod(@,—t) — 55% OTE TSU (2, 0 
= Rie, —tyahle, 1) - 50% (@, Oa OTe, 0 
= 5@,-9,1H@,-0] 
See (10.114) 


which agrees with the scalar result (10.58). 
The invariance of the canonical anticommutation relations under time re- 
versal is verified ee 


sales (caylee tic cc) 
= { (Tod( H 8 VA ae a oe a = Utell ale uC ee 
= (TF) 4 (a — 2!) = bap & (a — 2’) - (10.115) 


10.4 The Electromagnetic Field 


Following the detailed exposition of the discrete transformations applied to 
spin-0 and spin-% fields we will now briefly address the spin-1 case. The dis- 
cussion will be restricted to the electromagnetic field A,,(x). There is a simple 
argument that allows us to deduce the transformation properties of the elec- 
tromagnetic field from the corresponding results for the matter fields we have 
already derived. The photon field satisfies Maxwell’s equations, which contain 
the electromagnetic current as a source term. In quantum electrodynamics 
the Heisenberg field operator A(x) satisfies the equation of motion (assum- 
ing Feynman gauge) 


OAM (2) = <[b(z), *d(0)] . (10.116) 


This equation allows us to infer the transformation properties of the operator 
A¥(x) from our knowledge of the current. We find the following transformation 
laws: 

space inversion, cf. (10.72), 


Aa 


P A¥* (x,t) P! = A, (—2, t) ; (10.117) 
charge conjugation, cf. (10.87), 
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C A¥(a,t)C-! = —A*(ar, t) ; (10.118) 
time reversal, cf. (10.114), 
meat ty) = A (a,-t). (10.119) 


As a result of these transformation laws the interaction term j,, A“ and thus 
the Hamiltonian of quantum electrodynamics is invariant under all the three 
discrete transformations: 


U Hosp U~ = Horn , (10.120) 


where UW stands for P, C , and T. This invariance is by no means a trivial 
property of the Hamiltonian, rather it depends on the specific form of the 
electromagnetic interaction. 

The transformation properties of the creation and annihilation operators 
are most conveniently studied in the Coulomb gauge (cf. Sect. 7.7). This gauge 
has the advantage that only the physically relevant degrees of freedom with 
transverse polarization are present, since V - A = 0. The plane-wave decom- 
position of the field operator (7.105) reads 

2 
A(z,t) = i kN, >| Je(k, \)aea Cae =e (hale ene] 5 Tea) 
N= 1 
with the transverse polarization vectors e(k, A) -k = 0. 
The equation (10.117) for space inversion becomes 


2 

| dk NS) [PaxxP-*e(k, Nice gee Pal Pa eon) oe (10.122) 

A=1 
2 . . 
—— [os Ny SS |a—ere(—k, A) gee + at .,e*(-k, A) ere ; 
A=1 

The vectors e(k,1), €(k,2), and & form a right-handed orthogonal dreibein. 
Of course this also holds true for the inverted momentum argument —k. We 
can choose the vectors € as follows: 


Pai tek ey e(k2) = c(h, 2) (10.123) 
Then (10.122) leads to 
ies = (1) “G4. (10.124) 


Often it is preferrable to use circular polarization (i.e., helicity states of the 
photon) which are described by the spherical basis vectors (cf. Example 6.3) 


e(k,+) = Sa lett 1) Hie(k,2)) . (O18) 


In this case (10.123) is replaced by 
e(—k,o) =€(—k,-o) , (10.126) 
which implies 


Gg = eae (10.127) 
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Thus space inversion leads to a sign change of the helicity. 
The corresponding results for charge conjugation follow from (10.118): 


Cae eo = —Gp) or Com Ce = —Gke ; (10.128) 
and for time reversal we find 
Tap, T= (1) ae, Ore ny 0 = ee (10.129) 


The result (10.128) has immediate physical consequence since it implies 
that any multi-photon state is an eigenstate of the charge conjugation oper- 
ator. The charge parity will be either even or odd, depending on the number 
of photons: 


C\n-y) > Cal - BED) d C= Clo) = (<1)? al ---Gh yO) 
=e nye (10.130) 


where it was assumed that the vacuum has even charge parity, é |0) = |0). AE 
a theory preserves C' parity (which is true, e.g., for quantum electrodynamics) 
then (10.130) can lead to a selection rule for the decay of a system into photons 
(see Example 10.2). 

As a further application of (10.130) we can deduce a version of Furry’s 
theorem: QED does not allow the transition between states consisting of an 
even and an odd number of photons. The charge conjugation invariance of the 
§ operator (cf. Sect. 10.5) implies that the S matrix element 


(n'y|$|n7) = (n'y|\C $C|ny) = (-1)"*™ (n'y|S|nq) (ons) 


vanishes if n +n’ is odd. In its general form (see Quantum Electrodynamics, 
Chap. 4) Furry’s theorem holds also for virtual photons: the perturbation se- 
ries of QED does not contain contributions from Feynman graphs with fermion 
loops having an odd number of vertices. 
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10.2 The Classification of Positronium States 


The positronium system can serve as a showcase to illustrate the use of discrete 
symmetries for the classification of quantum states and for deducing selection 
rules. The bound system of an electron and a positron has energy levels that 
essentially agree with the hydrogen atom (scaled down by a factor of 1/2 
because of the reduced mass M;eq = m/2). Contrary to the case for hydrogen, 
however, since positronium is composed of a particle and its antiparticle its 
states can be classified by the eigenvalues of charge parity. As a consequence 
certain decays of positronium into photons are strictly forbidden, as we will 
derive now. ; 

It is very difficult to find an exact description of the bound states of 
the ete~ system since this would amount to solving the relativistic two-body 
problem. An equation can be formulated that in principle is exact (the Bethe— 
Salpeter equation; see Quantum Electrodynamics, Chap. 6) but this equation 
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cannot be solved exactly. Fortunately, a classification of the states can be 
achieved without the need for an exact solution. 

According to the general principle of Lorentz invariance the state vector 
of positronium |Ps) can be classified by the eigenvalues of the operators es, 


J eweand J, In addition we have the operators of space inversion P and 
charge conjugation Ge which commute with the set of kinematic operators. 
The corresponding eigenvalues are 


Pp |Ps) = ae |Ps) : e |Ps) = i06) |Ps) (1) 


where mp = +1 denotes space parity and mc = +1 denotes charge parity. 
Now we make the following ansatz for the state vector of positronium in the 
center-of-mass system (P = 0): 


Ps) = fae» > RUv;5,8') 88,4» (0), (2) 


ss! 


where R(p; s,s’) is the wave function in momentum space. Here s and s’ are 
the projection of the electron and positron spins onto the z axis. The state (2) 
contains one electron—positron pair with a combined momentum of zero and is 
an approximation to the true bound state since the particle number in QED is 
not a conserved quantiy. In general higher multi-pair configurations with total 
charge zero, such as btdtdtdt|0) etc., can contribute to the state vector. In 
positronium, however, such admixtures are very small, owing to the essentially 
nonrelativistic nature of this system. In any case, for the purpose of classifying 
the bound states it is sufficient to use the ansatz (2); any complicated higher- 
order admixtures would have the same symmetry properties. 

Let us study the action of the parity operator on the state (2). Using 
(10.68) we find 


Pp |Ps) 


[20D R:5,8) Pip. P Pal, , P> Blo) 


ss! 


fe >, Rp; s,s) np bL,, (—ne)df, ,, |0) 


ss! 


fe eG ee a, (0). (3) 


ss! 


with the parity-transformed wave function 
Rp(p; s,s’) = —R(—p; 5, 5°) . (4) 


The minus sign has it origin in the negative intrinsic parity of the antiparticle. 
Similarly for the charge conjugate state we find, using (10.84), 


[ee S~ R(p;s,s') Cb}, 6 Cdl, ,, C-* é |o) 


ss! 


Je De R(p; $, oy) di, be |) 


ss! 


Je SS Ro(p; s,s") at a |o) . (5) 


ss! 


C |Ps) 
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Taking into account the anticommutation property of the fermion operators, 
we find the charge-conjugate wave function to be 


Re (pi 5,8 = 2S. see (6) 


The spins of electrons and positron are exchanged and the direction of the 
momentum is inverted. To understand the consequences of (4) and (6) we 
employ the nonrelativistic approzimation to the wave function for simplicity. 
This allows us to factorize the wave function into its orbital and spin parts: 


R(p; 8, s’) = R(p) Yims (2p) Pes (s, Sh (7) 


where x>,, (8, 5’) denotes the spin eigenfunction, which is either a triplet (S = 
0) or a singlet (S = 1). If we denote the (nonrelativistic) unit spinors for 
electrons and positrons by x” and y+ the eigenfunctions with good total spin 
are given by 


1 
S= = = 
Nge° = a Xt xf —xpxq) (8a) 
ea ms = +1, 
S= oo = 
ee Se ed | Oe ine =U (8b) 
x XP ms =-1. 


Since space inversion for the spherical harmonics implies: Yr ((22,)) = 
(—1)"Yzm(Mp), so the parity-transformed wave function (4) is given by 


Rp(p; 8, s') = —(-1)” R(p; s,s’) . (9) 


Thus the positronium states indeed are parity eigenstates characterized by 
the eigenvalue 


mp =—(-1)”. ae 
The spin wave function (8) is either even or odd under spin exchange: 

PC eat) vee lee)) (11) 
Therefore (6) reads 

Reo(p; 3, 8’) = —(-1)9** (-1)" Rp; 8, 8') , (12) 
and the charge parity of positronium is given by 

oo) ee (13) 


We can also define the combined space and charge (PC) parity, which has the 
eigenvalue 


mo = —(-1)*. (14) 


Since quantum electrodynamics is PC invariant the states can be classified 
according to mpc instead of via the eigenvalues of $2. Therefore the distinction 
between singlet and triplet states remains strictly valid also in the relativistic 
theory, although spin and angular momentum here are intermingled. 

Table 10.1 displays the eigenvalues of angular momentum and parity for 
various positronium states. The first column contains the traditional spectro- 
scopic notation 29+! 1). 
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Table 10.1. Classification of the lowest states of positronium. Left part: singlet 
states, right part: triplet states. 


Parapositronium | 


BOON TE 
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Orthopositronium 


The left half of the table refers to the singlet states (parapositronium, S = 0), 
the right half to the triplet states (orthopositronium, S = 1). Inspecting the 
orthopositronium states we note that some of the entries, such as *.S, and 
31D,, share the same set of quantum numbers J, mp, 7c. Since the angular 
momentum JL is not a strictly conserved quantity these states will be mixed. 

The C invariance of the electromagnetic interaction leads to a selection 
rule for the n-photon decay of positronium. We know from (10.130) that the 
multi-photon system has charge parity 


@ \ny) = (—1)” \ny) ; (15) 
This value has to match with the positronium charge parity (13): 
Gee —(-1) (16) 


Therefore the singlet states can decay into an even (odd) number of photons 
only if L is even (odd), whereas the triplet state shows the opposite behavior. 
In particular the ground state of positronium (11S) decays into two photons, 
and the metastable lowest orthopositronium state (1°.S,) decays into three 
photons, a process which is strongly suppressed by an additional factor of the 
coupling constant a. We quote the corresponding lifetime values: 


(pee = 12510 2 Misa ay = 14 x 100 se (17) 


Remark: The two-photon decay of the state 7S; would be forbidden even if 
charge parity were not conserved. The Landau- Yang rule” tells us that two 
photons cannot form a state with a total angular momentum J = 1. The 
absence of ?Dz 7 2y transitions, however, is founded solely on the C-parity 
argument. 


ee Sa 


2 1,.D. Landau: Dokl. Akad. Nauk. 60, 207 (1948); C.N. Yang: Phys. Rev. 77, 242 
(1950). Basic idea of the proof: a vector state (spin 1) constructed out of two 
photons can be characterized by the cross product of the polarization vectors 
€(ki,A1) X €(k2, A2). However, this is inconsistent with the fact that photons 
satisfy Bose statistics which demands that the state has to be symmetric under 
the exchange ky, Ai © ko, Az. 
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eae 


10.5 Invariance of the S Matrix 


If a theory is invariant under a symmetry transformation U this will be re- 
flected in the properties the scattering matrix. An invariance is present if the 
asymptotic field operators of the interacting theory bin /out(x), which were in- 
troduced in Chap. 9 follow the same transformation law as do the free fields: 


u din Jout (x) ve =A Pin joue(e ) : (10.132) 


Here the generic notation UW is meant to Encoien ees Poincaré transformations, 
space reflection P, charge conjugation C, etc. x’ denotes the transformed co- 
ordinate, A is a c-number-valued matrix acting in the space of the field com- 
ponents. Now let us study the implications of (10.132) for the S operator, 
which according to (9.11) connects the in and out states: 


dour (ar) = $*Gin(#)5 (10.133) 
To deduce the transformation properties of S we apply U to (10.133): 

U dour(xz) U7! =US*din(x) SU . (10.134) 
The left-hand side can be written as 

U dour(2) U7! = Adour(2’) = AS" din(2")S , (10.135) 
and the right-hand side, with the use of (10.132), becomes 

18 din(2) SU = (ASW) Tbin (>? SI) 

(US—1U-1) Adin(a') (USU-") . (10.136) 


The matrix A can be factored out because it is not a Hilbert-space operator. 
Therefore the transformed version of (10.133) leads to the condition 


5 bin(a!)S = (USU-1) din(x') USU-*) . (10.137) 
This equation is satisfied if the operator S transforms according to 
S=usu-'. (10.138) 


Phrased differently, the operator § has to commute with the transformation 
operator: 


Gales. (10.139) 


This has consequences for the matrix elements of S. Using (10.138) in the 
equivalent form $ = U'SU we get the condition 


(6; in|S|a;in) = (8; in|Ut St/|a; in) = (6';in|S|@’; in) 
= Seta! = SugUa (10.140) 


The S matrix element (and thus the transition probability) has the same value 
for the transitions a — 6 and a’ — /' where the primed states are obtained 
by applying the transformation U to the unprimed states. If the operator u 
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is not only unitary but also hermitean,? Ut = Uk (10.139) leads to a selection 
rule with respect to the U quantum number. If a and B are eigenstates of U/ 
with real-valued (because of the postulated hermitecity) eigenvalues A, and 


Xe» 
Uu |a; in) =e |; in) ; u |B; in) = 9 |; in) : (10.141) 
then the following condition holds: 
(6; in| SU|a;in) = AgSpBa 
= (6; in|¢/S|a; in) = (B; in|Ut Sa; in) 
Ap SBa - (10.142) 


From this we conclude that S matrix elements between states of different 
symmetry (Aq # g) will vanish. 

The time-reversal transformation U = T calls for a separate treatment, 
owing to its antiunitarity. When the operator 7 is applied, the in and out 
states are exchanged: 


|a’;out) = T |a; in) ee eeu) — T |B; in) . (10.143) 


Then the condition for the invariance of the operator S under the antiunitary 
transformation 7 instead of (10.138) becomes (cf. (10.49)) 


be ca). (10.144) 
This leads to 
(; in| $|a; in) = (8; in|T~ ea T|a;in) = (B;in|T—? st T|a; in) 
= (,'; out| Sta’; out) = (a’; out| 516’; out) 
= (a; in| S|’; in) : (10.145) 
and finally 
Sun = Gai See (10.146) 


This condition is known as the reciprocity theorem, which relates the transiton 
a — £ to the reverse transition between the time-mirrored states TB — 
Ta. A time-mirrored stated is obtained by inverting the momenta and spins 
of all particles. Also a phase factor depending on the values of the angular 
momentum may be encountered here. 

The discussion concering selection rules (see (10.141) and (10.142)) does 
not apply to time-reversal transformations. An immediate obstacle is the ob- 
servation that the antiunitary operator J cannot possess eigenstates as pos- 
tulated in (10.141). This is so because if we assume 


T |a;in) = Aq |a;in) , (10.147) 


then also each state cla; in) with an arbitrary complex phase factor c would 
be an admissible eigenstate. However, this leads to a contradiction since 


3 For the operators of space inversion and charge conjugation the phases np, nc 
can be chosen such that the conditions P? = il. C? = 1 are satisfied. For the 
case of continuous symmetries an analogous reasoning applies if instead of U the 
hermitean generator G defined in (4.77) is employed. 
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ee |a;in) = er |a;in) = €* rg la; in) # Cra | a; in) ; (10.148) 
Therefore the concept of a “temporal parity”, which might lead to new selec- 


tion rules does not exist. 


To illustrate the types of processes that are related to each other through 

the discrete symmetries let us use an example taken from strong-interaction 

physics, namely the charge-exchance reaction of a proton and a negative pion, 
Mari 2 War n° 


Table 10.2 shows how the original momenta, the z components of angular mo- 
mentum, and the particle types are affected by the application of the trans- 
formations P, C, T and the combined transformation CPT. 


Table 10.2. Transformation properties of spin and momentum in the reaction p + 
nm nt. 

| | _p(p,ss) + a (k) > nfp'sh) +  1(k’) 
p(—p,s3) + om (-k) > n(=p',53) + °(-F’) 
P(P, s3) + mt(k)  -> falp',ss) + m(k’) 
n(—p',—s3) + 72°(-k') ->+ p(-p,-s3) + 
np,—s3) + a°(k') p(p,—s3) + 


Since the three discrete symmetries are conserved by the strong interaction, 
the S matrix elements and thus the scattering cross sections (except for a 
possible modification of the kinematic factor) agree for the various processes 
shown in the table. Note that in reality there will be small differences caused 
by the symmetry-breaking weak interaction. For the CPT mirrored reaction, 
however, the agreement is exact, as we will learn in the next section. 


10.6 The CPT Theorem 


The three discrete transformations studied in this chapter, i.e., space inver- 
sion, time reversal, and charge conjugation, are exact symmetries for free 
quantum fields. Whether this remains true in the presence of interactions is 
not known a priori; this will depend on the detailed structure of the inter- 
action term. Naively one might expect that the discrete symmetries are as 
fundamental as the condition of Lorentz invariance and that they therefore 
should hold in every physical theory. The extremely well studied case of quan- 
tum electrodynamics appears to support this view. Thus the “fall of parity” in 
1957 came as a great surprise: experiments revealed that the electrons emit- 
ted in beta decay predominantly have left-handed helicity. Today we know 
that all of the three symmetries (P, C, T) are broken in nature. We have to 
accept the fact that the distinction between left and right, between particle 
and antiparticle, and between motion forward and backward in time has an 
absolute meaning on a microsopic level. Here we will not be concerned with 
detailed examples of consequences of this symmetry breaking. Any book on 
elementary particle physics or on gauge theory can be consulted. 
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Whether one of the discrete symmetries is conserved or broken has to 
be determined by experiment; field theory can incorporate both alternatives 
equally well. There is one symmetry, however, that is deeply entrenched in 
the formalism and constitutes one of the most fundamental predictions of 
quantum field theory. To formulate this statement we introduce the combined 
transformation consisting of time reversal, charge conjugation, and space in- 
version: 


O=CPT. (10.149) 
The operator O is antiunitary (because of the complex Sel begeie Oi contained 


in T ). It turns out that © describes a symmetry for any “acceptable” field 
theory. 


The CPT Theorem 

For any local quantum field theory that can be described by a hermitean- 
and Lorentz-invariant Lagrangian L(a ) and whose field operators satisfy 
the spin-statistics theorem the following relation holds true: 


O L(x) O67! = £(-z) . (10.150) 


The action integral, the field equations, and also the canonical commutation 
relations are invariant under the transformation O. The condition (10.150) 
implies that also the Hamiltonian is invariant: 


OHOI=HF. (10.151) 


Thus O isa symmetry transformation. 

The CPT theorem (note that the ordering of the operations is not im- 
portant, the names TC’P or PCT theorem are also in use) first was formu- 
lated by J. Schwinger and B. Zumino. The proof dates back to G. Ltiders 
and W. Pauli*. Later the CPT theorem also was studied carefully within the 
framework of axiomatic field theory® and still weaker conditions have been 
found. But even in the form stated above the conditions are already weak 
enough. One would hardly like to give up any of them when constructing a 
theory. Therefore the CPT symmetry must be of general validity. To avoid 
any ambiguity let us point out that the required Lorentz invariance of course 
refers to proper Lorentz transformation which do not contain space and time 
reversals. 

We will not present a rigorous proof of the CPT theorem (see the quoted 
references) but we will illustrate its principle. Let us first collect and combine 
the information on the behavior of the field operators under 7, ?, and C 
transformations which were derived in the previous sections. 

Scalar field: 


Od(x)O-} (Fionis pace 


a 


nr CP o(a, -t)P-'C-! = npnr C o(-2, -t)C 
nenetr (=<) . (10.152) 


4 W. Pauli in: Niels Bohr and the Development of Physics, (Pergamon Press, Lon- 
don 1955) p. 30; G. Liiders: Ann. Phys. (NY) 2, 1 (1957). 

5 R. Jost: Helv. Phys. Acta 30, 409 (1957); 
see also the book by R.F. Streater and A.S. Wightman, quoted on page 269. 
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The freedom of choice for the phase factors allows us to use 


nonpenr = 1. (10.153) 
Electromagnetic field: 
6A*(2)6 = CPA, (x, -t)P 167) = CA*(—-2, -1)C7" 
= -A¥(—z). (10.154) 


Other vector fields are treated in the same way. 
Spin-} field: 


Oy(x)O7 


lI 


CPToh(x, -t)P 36 = CToy°h(—a, -t)C™ 
ToC? (—2) = -i°4h7 (2) , (10.155) 


where the last step has made use of the explicit expressions for the matrices 
Ty and C in the standard representation. As a corollary to (10.155) we have 


Oy(2z)O-! = fT (—2)i7°7? . (10.156) 


In studies of the spin-5 field it is essential that a Lorentz-invariant theory 
can depend only on bilinear covariant expressions (see RQM, Chap. 5). The 
Lagrangian of the theory will be built up from these quantities, which are 
Lorentz tensors of rank 0, 1, or 2 (scalar, vector, or tensor). It is a rather 
simple task to derive the transformation properties of the bilinear covariants. 
Let us define 


scalar: Sta(z) = sl¥s(x), ba(2)] , (10.157a) 
momma ey = = [io(2) iP Ga(o)] (10.157b) 
vector: V(r) = 5 [¥(e) 1"da(2)] , (10.157c) 
nil csam PSG) = 5 [oo(2) -Po"Ga(o)] (10.1574) 
Heo TG) = = [ie(2) 0" Ba(0)] (10.157e) 


The indices a, b denote the fermion type, such as e, jz, v, quark flavors, etc. This 
will be important for interactions that allow transmutation among different 
particle types. Within the second-quantized theory the ordering of operators 
has to be fixed. In (10.157) we have employed the antisymmetrization pre- 
scription of the field operators for the purpose of eliminating contributions 
from the “Dirac sea”. The same effect can also be achieved by the prescrip- 
tion of normal ordering. We have shown this equivalence in connection with 
(10.87) for the example of the vector V# (x) (which is just the electromagnetic 
current operator j"(2)). 

The transformation properties of the bilinear covariants are displayed in 
Table 10.3; for a proof see Exercise 10.3. The results for the single discrete 
transformations C, P, J and for the combined transformation © are given. 
The abbreviation z stands for = (x0, —2). 

The last column in this table points to a very favorable fact: the trans- 
formation © has the ability to reproduce the original operator except for the 
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Table 10.3. Transformation properties of the bilinear covariants under charge con- 
jugation, space inversion, time reversal, and the combined CPT operation 


+Sas(z)  +Sba(B) +S8ra(-%)  +8as(—2) 
+P,3(t) —Pra(#) —Pra(-#) +P,s(—2) 


—Vij(c) +V2e(z) +4V2s(-%) -V#(—-2) 
+Pi(c) —Pi(@) +P(-z) —P4(-2) 
—T (ce) +7Pe(z) —Tee(-#) +7’ (-2) 


interchanges a © b and x «+ —z. In addition there is a sign factor: +1 for ten- 
sors of even rank and —1 for tensors of odd rank. This is the key to the proof 
of the CPT theorem. The Lagrangian of any field theory has to be invariant 
under (proper) Lorentz transformations, i.e., it is a Lorentz scalar. Therefore 
it will consist of contractions of Lorentz tensors such that the indices 4 etc. 
will always enter twice and the minus signs associated with odd tensors will 
cancel each other. 

Although up to now we have considered only the bilinear covariants derived 
from Dirac fields the argument also is valid if L(a) contains other ingredients. 
Because of the assumed locality of the theory, L(x) will be a finite polynomial 
of the field operators, containing c numbers (the coupling constants) and 
possibly gradient operators 0, as coefficients. Upon © transformations the 
gradient produces a minus sign, 0, «+ —0,, which is just what we need to 
cancel the minus sign of the tensor that it is contracted. Also the vector field 
A, (a) according to (10.154) complies with this rule. 

These arguments essentially prove the CPT theorem (10.156). Let us add 
some further remarks. The interchange of the indices a + b does not affect 
the invariance property since Lis symmetrical with respect to these “flavor” 
indices, owing to the assumed hermitecity. For example the hermitean form 
of a “transition tensor” of the type (10.157) reads 


bMibyithc. = tb aMyst tidy Mty da: 
= wW,Mwm:+id,Mda? . (10.158) 


All five bilinear covariants have the property 79Mty7° = M. 

Let us once more stress that the derivation of the CPT theorem relies on 
the correct statistics, i-e., the commutation of bosonic and anticommutation of 
fermionic field operators. For the Dirac fields this was used in the construction 
of the Table 10.3. To see that Bose fields have to commute we study the 
example of a bosonic transition vector current W(x) = 361 (x)O" dp (x)? +h.c.. 
Application of O leads to 


6W"(x)6-? = -1¢4(—x)d"b{(-a2): - 3 (8"be(-2)) 6h (a): 
= ~10"4t(-2)$a(—2): — :6t(-2)0"ds(-2): 
ene (10.159) 


provided that Bose statistics can be applied, i.e., that the exchange of the 
field operators under the normal product produces no sign change. 
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EXEUS —e 


10.3 Transformation Rules for the Bilinear Covariants 


Problem. Confirm the results of Table 10.2 for the transformation properties 
of the bilinear covariants under charge conjugation ee space inversion P, time 
reversal 7, and the combined transformation O= CPT. 


Solution. We have to transform the antisymmetrized bilinear forms 

Mea(x) = [by (2), Mva(a)] = 4,(x)Mpa(a) — ba (a) Md," (2) (1) 
for the five Dirac matrices M = I,i7®, 7", 7°", 0%” = i (y" 7 - qt). 
1. Charge Conjugation. Equations (10.76) and (10.77) lead to 

Paes z Zs a aT a 

CMya(a)C-? = bgp CIMCH,” + (Chq)™ Mb, Cl) 

= -bfctMcg,” +¥,(C'MO)™ bs" 
+Mos(2) , (2) 

assuming that 

ctM¢=CMC"!=4M". (3) 


That this relation is correct can be confirmed for each of the five cases. Using 
C7 = 7°C, 7°T = 7° and (10.74) we find 


scalar: cic! = f=+4r', (4a) 
pseudo scalar: Ciy>C-! = iy? = +(in*)" , (4b) 
vector: CVC ae (4c) 
axial vector: Cy ee. = = 4° aye = +(yeyt)t , (4d) 
tensor: Ca C2 eG a 

SG aa (4e) 


This confirms the first column of the table. 


2. Space Inversion. Using (10.63) and (10.64) we find 


PMva(tyP- = by(G)y°M7dba(d#) — BE (BY M7)? vy? (@) 
+Mya(Z) , (5) 

assuming that 

~My =+M , (6) 
which is confirmed by 

scalar: eee (7a) 

pseudo scalar: i (7b) 

vector: Pye D = Yas (7c) 

axial vector: y°7°y"y° =? 7g? = 77, , (7d) 

tensor: PotyaP = S (ww a wn) = +0 pp - (Ze) 
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3. Time Reversal. The relations (10.100) and (10.101) lead to 
TMpya()T-* = $y(-#) TEM*To Ga(—&) — BT (-a)(TEM*To)? Hy? (—2) 
= +My.(-#) , (8) 
assuming that 
TiM*T) =ToM*T)1 =4M. (9) 


The To matrix satisfies Toy"*T5' = y,, cf. (10.93), and Toy® = y°Th. This 
leads to 


scalar: 2 ell (10a) 
Eecidonscdlar. (7) ieee — ing da = 17" | (10b) 
vector: Toy i (10c) 
axial vector: To(7°y")"Ty° = ¥Toy'*Ty | = +7° 4, (10d) 
tensor: Tyo. ee —iTo (yy — yey) "TS? = —Cpy . (10e) 


4. CPT Transformation. The results could be worked out explicitely using 
(10.155) and (10.156): 


Op(2)O-) = -i7>yhT(-c) , O¥(2)O- = PT(-2)i PY. (11) 
It is more convenient, however, simply to consecutively apply the operations 
of the first three columns of the Table 10.2. 
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10.4 The Relation Between Particles and Antiparticles 


An important insight can be derived from the CPT theorem: the masses 
and lifetimes of particles and antiparticles are exactly equal. This statement 
is not as trivial as it may sound: the whole point of the discussion was to 
allow the violation of charge conjugation symmetry! In other aspects, such as 
their scattering processes, particles and antiparticles may well exhibit different 
behavior. 


1. Mass Equality 


A particle a in its rest frame is described as an eigenstate of the Hamiltonian 


a 


H (including all interactions) and the angular-momentum operators J? and 
J, having the eigenvalues M,, j(j + 1), and m. The mass M, is determined 
by the relation 


Me = (a,m|H|a,m) = (a,m|O~ OHO"! O|a,m) 
= Glo BO. (1) 
since the Hamiltonian is CPT invariant. Taking into account the antiunitary 


character of © we can write this as (cf. (10.49)) 
a (a9,m|H|ae,m)- = (a9,m|H|ae,m) (2) 
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When applied to an angular-momentum eigenstate the CPT operator leads to 
the interchange of particles and antiparticles and flips the angular-momentum 
projection m «+ —m (we have shown this only for the spins of the particles), 


|ag,m) = @ |a,m) = e” |a,—m) , (3) 


where the phase factor ce? need not to be specified in detail. Equation (2) 
then becomes 


M, = (a, —m|H|a,—m) = MG , (4) 


since owing to the isotropy of space the mass of a particle of course cannot 
depend on the sign of the angular-momentum projection. 


2. Equality of Lifetimes 


The treatment of lifetimes is more involved than the mass calculation; there- 
fore the following discussion will be restricted to first-order perturbation the- 
ory. The Hamiltonian is split into two parts, H = Ho+AH1, where Ho generates 
a stable particle state which decays under the action of the small perturbation 
H,. The operator Hi, typically might represent effects of the electromagnetic 
or the weak interaction. 

The decay width (i.e., the inverse lifetime of the particle) in perturbation 
theory is given by “Fermi’s golden rule”, which contains the squared transition 
matrix element of the perturbation operator Ay: 


1 = 2n S~6(Es — Ea)|(b; out| A; Ja, m)|° . (5) 
b 


Here |a, m) denotes the state vector of the decaying particle having mag- 
netic quantum number m. |b; out) denotes a many-particle state satisfying 
the boundary condition of outgoing waves. The subsequent argument depends 
heavily on the fact that I, is the total decay width, i.e., that (5) contains a 
summation (or integration) over all possible final states |b, out). The delta 
function ensures that energy is conserved in the decay process. 

Now we assert that (5) agrees with 


Ty = 2n S~ 6(E; — Ea)|(b; out |Ai ja, m)|” : (6) 
b 
To prove this assertion we insert the CPT operator into (5) and take into 
account that © switches the in and out states: 
2) |b; ene) = |bo; in) ; (7) 


where the state bg is obtained from b according to (3), by exchanging particles 
and antiparticles and flipping the spins. 


2nS~ 6(Es — Eq) |(b; out|O~t 6H,O7! O|a,m)|° 
b 


Ta 


Qn ye 6(Ey — Eq) |(bo; injOH 67} |a, —m) |’ 
b 


Qn S 6(Ep — Eq)|(bo; out|St Ay |, —m)|? 2 (8) 
b 
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In the last step the © invariance of H, has been used (it is obvious from 
the derivation of the CPT theorem that each term in the Hamiltonian is 
invariant) and the fact that the $ operator satisfies (0'; in) = Se out | St. The 
5 operator generates a unitary transformation so that the states S |bo; out) 
span the same space as the original states |bo; out). As a consequence, since 
a summation over all (energetically accessible) states is performed we simply 


may omit the factor S$ in (8). This is formally confirmed by twice inserting 
complete sets of out states: 


Ir, = 2n S” 5(By — E,) S (a, —m| Ay |b’; out) (', out|S'|b9; out) 
b bi! 

x (be; out|S* |b”; out) (6", out| A |a, —m). (9) 
Now the completeness relation for the bg states can be employed,® 


S > (Bp _ Eq) (b', out|S|bg; out) (bg; out|St |b"; out) 
b 


= 6( Ey = E,)(b', out|SSt |b"; out) = 6( Ey = &,) Op pee ; (10) 
leading to 
= =e (Ey — Eq)|(b', out| Hy |a, —m Ne (11) 


A comparison with (6) proves the equality of particle and antiparticle 
lifetimes,’ 


BS = rT ; (12) 
as the energies are equal and the lifetime does not depend on the sign of m. 


Note: The proof has worked only because there is a summation over all final 
states b. If a particle can decay into several final states the CPT theory does 
not rule out that the branching ratios in the particle and the antiparticle 
channel may be different! For example, if there are two decay channels 


a—b+c and a-~d+e (13) 
the values of the partial width may be different: 


Ua sbbe a Tai+e : (14) 
Ae a—dte [; a—d+é 
The mechanism responsible for such deviations is the interaction between the 
particles in the final state, which may lead to interference effects that are 
different for particles and antiparticles. 


The laws M, = Mz and I, = I and thus the validity of the CPT theorem 
have been checked experimentally with high precision. By far the most sen- 
sitive probe for this purpose is the neutral K meson. Since the decays of K° 


6 This has become possible since the operator S$ — in contrast to H, — only connects 
states of equal energy so that the delta function can be pulled out of the sum. 

7 T.D. Lee, R. Oehme, C.N. Yang: Phys. Rev. 106, 340 (1957); 
G. Liiders, B. Zumino: ibid. p. 385. 
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and its antiparticle K° interfere, an upper bound for the mass difference of 

these particles can be determined with exceedingly high precision: 

M FO > Mxo 
Mxo 

For other particles the masses have to be measured separately. The comparison 


of these values typically leads to |AM/M| < 107°. A typical result for the 
agreement of particle and antiparticle lifetimes has been obtained for muons: 


a= Te 


Zales (15) 


alle: (16) 


pt 
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Quantization with Path Integrals 


11. The Path-Integral Method 


11.1 Introduction 


Up to now this book has exclusively dealt with the canonical method of field 
quantization. Field operators have been introduced which act in the Hilbert 
space of “second quantization” and canonical commutation rules have been 
postulated. 

As it turns out, this is not the only way to proceed. There is an alter- 
native approach to the problem of field quantization, which is phrased in a 
very different language. The method of path integrals does not speak about 
operators at all; instead a special kind of highly dimensional integral over 
classical fields is employed. The quantum properties of a system come into 
play because the motion of a particle between two points can proceed on a 
large (infinite) variety of classical trajectories and each of these alternatives 
makes its coherent contribution to the transition amplitude. This results in a 
path integral from which, at least in principle, all properties of a system can 
be deduced by using functional techniques. In the remainder of this book we 
will learn the basic properties and uses of the path-integral method, first ad- 
dressing ordinary quantum mechanics and subsequently — in the next chapter 
— quantum field theory. 

The path-integral formalism leads to the same results as obtained by 
canonical quantization; both formulations of quantum field theory are equiv- 
alent. For some systems, however, the canonical method is quite awkward 
to formulate and to use. This holds true for the quantization of fields with 
constraints, a problem one regularly encounters with gauge theories. Because 
(nonabelian) gauge fields are the backbone of modern theoretical physics, and 
also because of its formal elegance and appeal, the path-integration formalism 
nowadays is the preferred route to field quantization. 


11.2 Path Integrals 
in Nonrelativistic Quantum Mechanics 


To understand the concept of a path integral and its basic properties we will 
start with the simplest possible case. Let us study the dynamics of a nonrel- 


1 Path integration has made its entrance in a variety of domains of theoretical 
physics, its use not being restricted to quantum theory. A comprehensive intro- 
duction is given by H. Kleinert: Path Integrals in Quantum Mechanics, Statistics, 
and Polymer Physics (World Scientific, Singapore 1990). 
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ativistic system with one degree of freedom, i.e., of a particle moving freely or 
under the influence of a potential in one space dimension. Within Hamilton’s 
formulation of classical mechanics the system is described by a space coordi- 
nate q and the canonically conjugate momentum coordinate p. Upon canonical 
quantization the coordinates are represented by linear operators that satisfy 
the commutation relation 


[6,49] =—ih. ; (iblesip 


The eigenstates of these operators span the Hilbert space. In the Schrodinger 
picture we have 


ds\q) = ala), 

Bs\p) = plp). (11.2) 
The state vectors are normalized “to delta functions” 

(q'|a) = 4(q'-4), (11.3a) 

(p'|p) = 2rhd(p'—p), (11.3b) 


and obey the completeness relations 


Jari =1, (11.4a) 


d 
= |p| = 1- (11.4b) 


The coordinate-space representation of the momentum eigenstate is a plane 
wave: 


(alp) = elPa/* 5) 


The factors 27h in (11.3) and (11.4) have been chosen such that (11.5) does 
not contain a normalization factor. 

The quantum state of the system is described by a vector |W) in Hilbert 
space. Within the Schédinger picture this state depends on time and satisfies 
the equation of motion 


se) 


in|) s —H(pg) Y(t) oe (11.6) 
The formal solution of this equation is 

[Ue tens 2/540) oe (87) 
The corresponding wave function in coordinate representation reads 

w(q,t) = (q|P(t)), - (11.8) 


Within the Heisenberg picture the operators are time dependent and satisfy 
the Heisenberg equation 


—ihgy = [H, Gu] . (11.9) 
Therefore the time evolution of the coordinate operator is given by 


Gi ems (11.10) 
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This time-dependent operator has a complete set of eigenstates 


gu(t)|a,t) =q|a,t) , (11.11) 
which evolve in time according to 
eS (11.12) 


Note that the states |qg,t) constructed in this way play the role of a “moving 
basis” in Hilbert space. They do not correspond to the true state vectors of 
the system, which in the Heisenberg picture have to be constant in time! 

Since (11.12) is a unitary transformation, the orthonormality and com- 
pleteness relations (11.3) and (11.4) remain valid for the time-dependent states 
lq, t): 


(q, t\q, t) = (q'| eiHt/h aN = (q'|a) = 5(q' ~ 4), (11.13a) 


[oo [one aes = facet le) emi ee ea eC 13b) 


The wave function (11.8) can be interpreted as the amplitude in the expansion 
of the Heisenberg state vector Ps = |Z(0)). with respect to the “moving 
basis”: 


(q.t) = (at|)y - (11.14) 


The starting point of the path-integral method is the idea that instead of 
working with Hilbert space operators the transition amplitude 


(q',t'|q, t) = (q'| eA 9/41 q) (11.15) 


can be viewed as the fundamental entity. The object (q',t'|q,t) is called the 
Feynman kernel. Knowledge of the Feynman kernel is equivalent to having 
solved the Schrédinger equation (11.6): the time development of the wave 
function for arbitrary t’ can be obtained by a simple integration 


vat = (ast D)y = foa'se'|ast) a) 
[2s (q',t'|q,t) w(q,t) . (1G) 


The path-integral formalism provides a means to construct the transition 
amplitude (11.15) from the classical Hamiltonian of the system alone, without 
any explicit reference to noncommuting operators or Hilbert space vectors.” 
For this purpose the time interval (¢,t') is split up into many small slices, 
which for simplicity will be taken to be of equal length: 


tn =t+ne where t'-t=Ne. (UL 


At each of the grid points n = 1,...,N — 1 a complete set of basis states 
ldn, tn) can be inserted: 


? The basic idea of path integration can be traced back to the paper P.A.M. Dirac: 
Phys. Zeitschr. der Sowjetunion 3, 64 (1933). The method was worked out and 
made popular by Feynman, see e.g. the monograph R.P. Feynman, A.R. Hibbs: 
Quantum Mechanics and Path Integration (MacGraw-Hill, New York 1965). 
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Fig. 11.1. A typical path 
connecting the points q,t 
and q’,t' 
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(7,t'|q,t) = fava. fear faa (qt laneistne = 


x (qo, te|qn, t1) (a1, 14, 4) : (11.18) 


According to (11.12) each of the matrix elements under the integral can be 
written as 


Gea tn41 |ans iy) = (dn4+1 je HED/*lq,) : (11.19) 


This object is also known as the “transfer matrix” T (Grae an) 

Equation (11.18) can be interpreted as follows. A particle that propagates 
from point q at time ¢ to point q’ at time ¢’ can take an arbitrary intermediate 
trajectory. Such a path is characterized by the coordinate values q; at the 
intermediate grid points in the time interval (t, ¢’). One such path is shown in 
Figure 11.1 as a zigzag curve. It is essential that all conceivable paths are taken 
into account. According to the superposition principle of quantum mechanics 
they all contribute to the transition amplitude (11.18) in a coherent fashion. 
Of course some regions in the space of trajectories will turn out to be more 
important than others, as dictated by the behavior of the product of matrix 
elements under the integral. 


The decomposition (11.18) of course is only helpful if the amplitudes 
(dn41,tn41/Gn,tn) are evaluated more easily than the full expression 
(q', t'\q, t). This indeed is the case, provided that the time interval ¢’ — ¢ is 
chopped into sufficiently short pieces, i.e., if € is small. Then the time-evolution 
operator can be approximated by the first two terms of its Taylor series 


Gael (ae fe) = (Gita {1 = Hp, 4)|qn) + O(e*). (11.20) 


The Hamiltonian depends on p and q. To evaluate its matrix elements we 
insert a complete set of momentum states according to (11.4b): 


(dn+1|H (6, @)|an) = [® (an+1|Pn)(Pn| A (, 4)|dn) - (11.21) 
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Since the operators p and @ can act to the left or to the right on their respective 
eigenstates the matrix elements of the Hamilton operator are reduced to the 
classical Hamilton function: 


(pal H (6, @)|qn) = lt VEN Davee) . (11.22) 


This step in general has its problems if FH contains mixed products of the 
anticommuting operators p and g. Then (11.22) tacitly assumes a certain 
ordering of the factors: the momentum operators p stand to the left of the 
coordinate operators g. This is rather arbitrary and one might prefer a more 
symmetric prescription, called Weyl’s operator ordering, which averages over 
all possible orderings with equal weight (see Example 11.2). It is possible to 
show that this choice for the Hamilton operator implies the replacement, 


(pn |H(B,4)|¢n) + (Pn|gn)H (Dns #(In41 + In) (11.23) 


instead of (11.22). As we do not want to commit ourselves we will write 
H (pn, Gn) in the following, where G, = dn or Gn = 5 (Gn41 +n) can be chosen. 
Using (11.2) and (11.5) we find that the infinitesimal transition amplitude 
(11.20) becomes 


dpn ; Ee 
(Ga ; (bona lan; ia) = IS exp [iP (dnt = an)/h| (1 = La. in) =) 
+O(e"). (11.24) 
Now the essential (and mathematically nontrivial) step has to be ventured: 


making the partition finer and finer and at the end, going to the limit « — 0 
or N — oo. The Feynman kernel (11.18) then becomes 


ae eS tee Sth 
Gh) = jim | Il dan LU oeh exo(F d peat ) 
x TT (1 = * H (Pa Gn)) 8 (11.25) 
n=0 A 


The integrand in this equation can be written more elegantly. The well-known 
representation of the exponential function 
Z\N 
lim (1+ =) =e (11.26) 
N- 00 N 


has the following generalization: 


N-1 e | iS 
—\= im — ane We 
dim TL (+) =e (dim wy 2) a1en 
If one identifies tz, = —[i(¢t' — t) /h]H(pn,Gn), this identity can be used to 


rewrite (11.25): 
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In the limit N — oo the grid points gp and pp are arbitrarily close. They can 
be viewed as the sampled values of continuously defined functions q(t) and 
p(t), ie, dn = Q(tn) and pn = p(tn). The construction we have sketched is 
known as a functional integral or, more specifically, as a path integral. It is 
customary to introduce a special notation for path integrals: 


N-1 N-1 dp 
| Wan - Dq and Mls = Dp . (11.29) 


If we replace the divided difference in the exponent of (11.28) by a time 
derivative and the sum by an integral, 


N-1 t! 
ft itn) 5 © DO flte) > if dr f(r), (11.30) 
c n=0 t 
then the propagation amplitude (the Feynman kernel) is expressed by the 
following path integral in phase space: 


(7',t'|a,t) = {Da |v exp i dr i Hin.) (11.31) 


The path integral extends over all functions p(t) in momentum space and over 
those functions q(t) in coordinate space that satisfy the boundary conditions 


Ge) = qe wandien g(t "ae (ie3 2) 


We do not attempt to present a strict mathematical derivation of the path 
integral and its formal properties.? The path integral, although intuitively 
appealing, is beset with several problems. The contributing paths belong to a 
very general class of functions, they need not be smooth or even continuous. 
A severe problem lies in the behavior of the integrand, which is a pure phase 
factor and thus has the same modulus for all trajectories! Under this condition 
one can hope to achieve convergence only if the fast oscillating contributions of 
neighboring trajectories are “averaged to zero”. The problem results from the 
superposition principle of quantum mechanics according to which probability 
amplitudes have to be added coherently. 

Functional integrals are encountered also in the field of statistical physics. 
In this context. convergence of the integrals is less of a problem since the in- 
tegrand falls off asymptotically. As early as 1925, N. Wiener introduced path 
integrals to describe diffusion processes. The propagation of a particle under- 
going diffusion is described as a “random walk”. The probabilities for all paths 
x(t) leading from (a, t) to (a',t') are added up incoherently. To see the con- 
nection with quantum mechanics we remember that the Schrodinger equation 
turns into the diffusion equation if imaginary time arguments are considered. 
This has the consequence that the argument of the exponential function in 
Wiener’s path integral has a (negative) real value, thus ensuring convergence 
of the integral. The quantum-mechanical path integral unfortunately does not 
have this reassuring property. However, one can use the artifice of making an 
analytical continuation of the transition amplitude to imaginary times (a Wick 


3 Mathematical aspects are treated, e.g., in B. Simon: Functional Integration and 
Quantum Physics (Academic Press, New York 1979). 
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rotation; see Sect. 11.5) and in this way ensuring the exponential fall-off of 
the integrand. 
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Very often the Hamiltonian of a system has the standard form 
1 
H(p, q) = —p? + V(q) . 
lS ee a (G) (11.33) 
In this case, i.e., if the momentum dependence is confined to a quadratic term 
(the kinetic energy), the integration over p can be carried out explicitly. The 


transition amplitude (11.24) for neighboring grid points in first order is given 
by 


dp. le pels) = hs e 
Cee tae ln. in) > a exp E (r,t a H(Pm.dn)) | 


Quah h 
_ [4Pn 1€ ; ilies. - 
or orh ee E (pain ome = va))| . (11.34) 


The function in the exponent of (11.34) just looks like the Lagrange func- 
tion. There is a subtle difference, however, since the momentum p, has been 
introduced as an independent variable when the intermediate states |pn)(pn| 
were inserted. The velocity g,, on the other hand, is an abbreviation for the 
divided difference in (11.30). Therefore the object found in the argument of 
the exponential function 


L(q,4,p) = pq — H(p,4q) (11.35) 


in this sense is not identical with the ordinary Lagrange function L(g, q). 
The exponent in (11.34) contains a quadratic form and thus we are con- 
fronted with an ordinary Gaussian integral. By completing the squares 


pe, — 2MGnPa = (Pn — MGn)° — mG? (11.36) 


and shifting the integration variable p, = pp — mq, we obtain a standard 
integral: 


le (Mm. a 7 dpi, ~ie pl”? 
i aiaig doit) Ser : (FH v))| Uap Se) : 


(E37) 
This can be solved by the Gaussian integral formula 
i eo 2t” = Vz. (11.38) 
Ze 


This integral is well defined and absolutely convergent if the parameter z 
has a positive real part, Rez > 0. In our problem z is purely imaginary and 
the integrand shows undamped oscillations. The use of (11.38) for arbitrary 
values of z in the complex plane corresponds to an analytic continuation. The 
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resulting function has a branch cut at the singular point z = 0. With some 
care the Gaussian integral formula may even be applied in the region Rez < 0, 
where the integrand grows exponentially. 

Using the identity (11.38) we obtain 


1 


Qrihie \ ? ie (Mm. ad 
(Gag tree Gna) — ( ) exp E (Fe = 3) 0 (CM) 


Inserting this into (11.28) we obtain the Feynman kernel as a path integral in 
coordinate space: 


(q',t'|]at) = es (ame) ddn exo | > (Fe = vq) 
= N [oq exp p i dr (FP - va) 
= Nn [D4 exp ua a| (11.40) 


Here NV is a yet undetermined normalization constant. Again the integral 
extends over all possible paths q(t) satisfying the boundary conditions a) 
q, q(t’) = q'. The contribution of each path to the integral is of equal modulus 
and its phase is given by the action functional 


u tu 

wad =f ar(Fe-va) =f aLGa.d. (11.41) 
This observation can be used as the starting point to derive the classical limit 
of quantum mechanics. If W > fh holds then almost everywhere in function 
space the strongly oscillating contributions to (11.40) made by neighboring 
paths will cancel each other. This cancellation can be avoided only if W(q, q) 
does not change much in the vicinity of a path, i.e., af the action is stationary 
with respect to variations dq(t) and dq(t). This is just the condition that 
determines the classically allowed trajectory qci(t) according to Hamilton’s 
principle of least action: 


t' 
éf dr L(q,q) =0. (11.42) 
t 


Thus the classical description of a system can be derived from quantum theory 
if the path integral is solved using the stationary phase approximation. Quan- 
tum effects may still be visible if there are several distinct classical trajectories 
q%, which can interfere, each carrying its own phase factor exp (£W(45,4%))- 

Equation (11.40) contains the normalization constant NV that we left open. 
As it turns out, the limit N — oo in (11.40) is not well defined mathemat- 
ically and the constant N is given by a divergent expression. Fortunately 
this does not preclude us from gaining useful information from the path in- 
tegral since it is the functional dependence and not the absolute value that 
matters. Therefore one can use (11.40) without particularly caring about the 
normalization. 
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EXERC (Sl es 


11.1 The Path Integral for the Propagation of a Free Particle 


Problem. Evaluate the Feynman kernel (q',t'|q,t) for the free propaga- 
tion of a particle in one dimension. Show that the resulting phase corre- 
sponds to propagation along the classical path. Show that (q’,t'|q, t) solves 
the time-dependent Schrédinger equation and satisfies the boundary condition 
lim ¢42(q', t'|q, t) = 6(q' — q). 


Solution. To evaluate the path integral in coordinate-space form, 


Qmihe\ XN? a 
Pol _ |: _ 2 
(q sib |q,t) = Nim | (=) /T ddn exp zy y (Qn41 — Qn) | Ay) 
we successively integrate over the variables q,...,qv-—1- This requires the 


knowledge of the integral 
i dan exp [—@(gn+1 — dn)*] exp [—B(@n — dn—1)”] 


= [om exp|—(a + B) (an = ee = a8 (aan = tna) 


a a+B Gh ap fe 
= exp [Fama = in)’ a i B ' (2) 


Completing the square and shifting the integration variable we have trans- 
formed this into a standard Gaussian integral. For the first integration, n = 1, 


we have to choose a = 6 = —im/2e. This leads to 
27ihe 71 2 
ow [a0 ae ES (a1 ~ a0) i ey ES (72 — 1) | 
m 1i 
= 3 
Dike © ex [3 ape — ) ‘ (8) 


where two square-root factors from (1) have been “used up”. The expression 
(3) has the same structure as the exponential factors in (1), except for the 
replacement « — 2e. The procedure can be repeated for the n = 2 integration: 


V Vio | Los = AC -0)| aS Bac - «| 
7) aie 0 |S aR 3p (2 40) | (4) 


In this way, after N — 1 integrations the Feynman kernel becomes 


; m 1 sey a | 
ees ae Ne 2h ae 
m im (q' 7 
eae ee 5 
\ arin’ —H) P fs tit (5) 


(q',t'|q,t) 
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In fact this expression does not depend on the number N of partition points 
and the limiting process in (5) turns out to be trivial. Such a simplification, 
of course, occurs only for the special case of free motion. 

The classical path between the points (q,t) and (q’,t') is given by the 
straight line 


q >t 
HG ei Nase arate i . (6) 


leading to the classical action integral 


te fe 1 i (q' = q)? 

dr L(q,4) = | dram@ = =m——, (t' -t 
[ artiaa = far gmat = gm Gap -9 
m (q' — 4)? 
pala . a 
2 t-t (7) 
This agrees with the phase factor in (5). The result (5) is closely related to the 
free Green’s function of the Schrodinger equation as discussed, for example, in 
Chap. 1 of the volume Quantum Electrodynamics. The free retarded Green’s 
function Gd (q’, t’;q, t) is obtained if (5) is multiplied by the factor -i0(t' — 
t). By differentiating (5) one immediately confirms that the Feynman kernel 
satisfies the time-dependent Schrédinger equation. We find 


Pee es : 
penne) = (ae=te ae 


Wit’, t) 


at! 2(—t? 2t—t/\ 2mih(t’ -t) 
im (q' — 9)? 
x exp E Eee | (8) 


and the same result is obtained for the kinetic energy — eg? Voq ya tant) 
thus 


oO ie 0? 
es + apg) at lot) =r (9) 
The boundary condition 
G U i =e f 
lim (q',t'\a,t) = 6(q' — 4) (10) 


is verified by multiplication with a test function f(q') and integration over 
q'. By assumption, the test function can be expanded into a Taylor series at 
q=4q 


Wea). (11) 


[oe} 
il 
= q'=4 


Oe OS = ae) 


a Aye 
= dq 


Abbreviating g := (q’ — q)/ vot we find 


: Se 1 m im (q' — q)” 
puta tec CU) operarg E 5t 2) 


= rae es Se ae) ee im .» 
F(a) + jee 2mih » a n} pe@) oa | yas 
= f(a), (13) 


which is the defining relation for the delta function. 
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DAMP ee 
11.2 Weyl Ordering of Operators 


The transition from classical to quantum mechanics is accompanied by the 
problem of operator ordering if the Hamiltonian contains mixed terms, which 
simultaneously depends on the space and momentum coordinates. Since the 
opearators p and g do not commute, a classically well-defined product of the 
form p"’q™ can be translated into a multitude of quantum operators that 
differ in the ordering of the factors g and #. In the path-integral approach to 
quantization this problem does not seem to occur on first sight: everything 
is expressed in terms of classical quantities, and noncommuting operators are 
nowhere to be seen. This is not the whole truth, however. Also the path- 
integral formulation is not unique since the evaluation of the path integral 
can proceed in different ways. 

In Sect. 11.2 we have made the assumption that the momentum operators 
always stand to the left of the coordinate operators; cf. (11.20) and (11.21). 
Of course this is an arbitrary choice that prefers one possible ordering over 
the others. The most unbiased choice would treat all orderings on an equal 
footing by taking the average value. This prescription is called Weyl ordering. 
For a product of operators O,,...,O, the Weyl ordering is defined as the sum 


over all permutations P(i,..., es of the indices: 
(O00) 02) = arena arene ee 
Let us write down some examples: 
(Pw = 5(64+40), (2a) 
(0)y = 50P +4004 72), (2b) 
PP)w = = (°@? + PP + PP D+ G04 + Pad + GPAP) | (2c) 


and so on. If one of the factors enters linearly the Wey] product is 


(64q") wager at (3) 


For a quadratic factor we obtain a more complicated expression: 


n n—k 
“2an\  __ nok—l x ok x al A 
= q PG (4) 
Os Ge) TaeED) 2204 e 
The prefactor is the inverse number of possible combinations of the indices k 


and I. 
The expressions (1)-(3) can be written in a seemingly different form by 


employing the commutation relation [p,q] = —ih. For example, (2) also can 
be written as 


1 
(BP )w = 7 BE + 2404+ FD) , (5) 
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Example 11.2 


or in a still different way 
ae ee ere 
(BP )w = 507 +78). (6) 


There is an elegant method to construct the Weyl product, which is based on 
the following identity: 


(ap+ Bi) = s a CE (AN-*a*) : (7) 
k=0 


For ordinary commuting numbers this would be just the familiar binomial 
formula. Since p and g are noncommuting operators the mixed products are 
different from each other. However, when multiplying out the binomial ex- 
pression on the left-hand side of (7), we encounter all possible orderings of 
the operators which is just the definition of the Weyl product. Therefore the 
k + Ith power of ap + Bg can serve as the generating function for the Weyl 
product (p*q')w if one differentiates with respect to the formal parameters a 


and 2: 


il 0\r; ay! k4l 
ata esl = ee se a S 
0 w = Ga lBa) (3q) (ob +89)" (8) 
Now we will prove the following conjecture: the Feynman kernel of a quantum 


system described by a Weyl-ordered Hamiltonian, H(p,4) = Hw(f, 9), is given 
by the following path integral: 


(alae) = lim, { Th aon f TL Sr 
ie (Inti — In . 
xX exp E dX (1, = Homa) ; (9) 
with the abbreviation 
In = = (Ga +n) - (10) 


2 
This agrees with the definition (11.28) of the path integral if the classical 
Hamiltonian is expressed as a function of the averaged coordinate gn. This 
is quite plausible since the symmetric treatment of the integration interval 
corresponds to the equal roles of the operators p and g in the Weyl-ordered 
Hamilton operator H((, @). 
To prove (9) we can repeat the earlier calculation; only (11.21) has to be 
replaced by 


“ Paes dDn : i 
(an41|Hw (6,4) |an) = [Ss exp | Po(anes a in) H (pn; att) : 


(11) 
This identity has to be proven for general Hamilton operators Hw (p,¢). We 
make the assumption that Hw can be expanded into a power series: 


Hw (6, 4) = eal p*@') (12) 
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In view of (8) it is sufficient to prove the assertion for a general polynomial 
(ap + 89)”, i.e 


dp ip(q' — aE 
(q'|(ap + BG)" |q) = =: elplg’ —9)/h (on+ ott a é (13) 
According to (8) the result will also hold for each term of the series expansion 
(12) and thus for the complete Hamiltonian Hw itself. For brevity we will 
omit the indices, writing g = qn, q’ = dn+1- The proof of (13) will be based 
on mathematical induction. For N = 1 the assertion is satisfied: 


. x dp 1 
(q'|ab + 84|q) ea q'|p) (plop + B4\q) + (a'|ab + B4|p) (p|a)) 


a ( (q'|p) (nla) (5 (ap + Bq) + (ap + 4')) 


dp in(q! — 
> l(a D/P (op +64), (14) 


Assume that (13) holds for a certain value of N. Using p = (h/i)0/0q we can 
write the (V+1)th order as 


(a'\(ab+ Ba" **|a) = (a'l(aZ5; + 84) (0 + 84)" la) 


(0 + 5g +40’) (q'|(ap+84)" |). (18) 


Since the Nth-order assertion is assumed to hold this can be rewritten as 
follows: 


(_' (ab + 6)" |a) = (oF + Ba ‘) fe eed - OI (ap ee 


Oq' 
=e cv ~ DI" (ap + at 2, + fa!) (ap +8254) 
«(on 8)" 
Z ae DIF (p+ pLtLy"™. (16) 


In the last step two terms have cancelled each other. This is verified by the 
following calculation (the arrows indicate to which function the differential 
operators is applied): 


/s eip(q' — 9)/h Ga pe) (ap +242)" 


Qah 
h @ Ae +q/\% 
Al Pld —q)/h G ee 73) (p+ 8) 
anh i i Op 
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where the last step involved an integration by parts. The integrand in (17) 
vanishes because of 


(az, - 655) f(ap+ B24") = (F0p - 5fa)s'=0. (18) 


This completes the proof of (13) and (11) which in turn confirms (9). Thus we 
have shown that the “midpoint prescription” for the evaluation of the path 
integral corresponds to the Weyl ordering of the operators in the quantum 
Hamiltonian. 


oe SEES SE 


11.4 The Multi-Dimensional Path Integral 


The extension of the path integral to systems of several degrees of freedom 
(q1,.-»59D; Piy-++,PD) = (q;p) does not present any problems. (Note: we do 
not use a special notation to mark D-dimensional vectors.) The phase-space 
path integral for the Feynman kernel from (11.31) now reads 


Goo Gian! Milly 0 GBs) 


2p a i te D 
= (50 Dqa Il Dag exp i dr (> [Biotin = Lehi o)| (11.43) 
B=1 : a=1 


a=l1 


where the individual path integrations again are defined by the limiting pro- 
cess specified in (11.29). The integration extends over all paths p(t) in mo- 
mentum space and over those paths q(t) in coordinate space which satisfy the 
boundary conditions q(t) = q and q(t’) = q'. The D-dimensional path integral 
in Feynman’s form reads 


D i t’ 2 
(ths --0dbst |ais---s4nst) = f T] Daa et A dr E(g,4) : (11.44) 
a=1 


We remark that Feynman’s coordinate-space path integral in principle is less 
general than the phase-space path integral. The transition from (11.43) to 
(11.44) was based on the assumption that the momentum dependence of the 
Hamiltonian is given by a quadratic function with constant coefficients, cf. 
(11.33). This restriction can be relaxed a little, admitting a kinetic energy 
term which consists of a general quadratic form with g-dependent coefficients. 
The Lagrangian in D dimensions is taken as 


Lad) = 5 Yo 4aMapla)is +) ba(a)dia — V(a) 
ap a 
= ; qd’ M(q)q +6" (qa -V(q) . (11.45) 


Here M is a nonsingular symmetric real Dx D matrix and b is a D dimen- 
sional vector, both can be functions of g. The following canonically conjugate 
momentum is obtained from (11.45): 


oS oa = (q+. (11.46) 
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Introducing the shifted momentum p’ = p — b we can solve (11.46) for the 


velocity 

g¢=M"*(q)(p—b) = M(q)p' . (11.47) 
The Hamiltonian becomes 

H(q,p) = p'¢—L(q,4(p)) 


1 
(p' +b)! M~'p! — 5 pl M-1M M-1p! — 67M“ p! + V(q) 


il 
= 5 pi M—'p! -+- V(q) ‘ (11.48) 


The phase-space path integral can be built up from the amplitudes 
(dn+1,tn+ilgn;tn) according to 


D N-1 
yt lot = dim, [ II II dqan (Gt |dneaiytnea) oo 0 (a1, ti |q, t) . 
a=1 n=] 


(11.49) 
Inserting momentum eigenstates |p,) (pn| as in (11.21), we obtain an expres- 
sion analogous to (11.28) 
D 


dpan i 
(Gn41 ; tn+1 lan a = / oth exp Cond a Tears in) (11.50) 
1 


C= 


D 
dyin i a = 5 
= i exp Feu: M Pca +p Gn ot b Gn a Va) : 
a=1 


Note that the “velocity” is defined by gn := (@n+1 — Qn) /€ (compare (11.30)) 
and is not identical with the variable q contained in the Lagrangian (11.45). 
Therefore it cannot be expressed in terms of the integration variable p, ac- 
cording to (11.48). Being of Gaussian type, the integral in (11.50) can be 
solved. According to Exercise 11.3 the following formula holds 


fare exp [-5eTA a 
D/2 1 Lae en 
=A(27) exp a: In A] exp a AG. p\| (Ou el) 


Here exp (—}Tr In A) is another way of writing (det A)~?. Functions of a ma- 
trix like In A can be defined via their series expansion. The Gaussian integral 
formula can be applied to (11.50) leading to 


(Gated dritn) ts 2) 


= (2nh)~?(2n)?/? exp -3 = (§ = ~)| 


ee E Gale ut) (é in) exp |[F ("dn - Van) 


1 Ne 1 
= = Dio. \D/2 _= te mre -1 
=e (27)! exp | 5 it In( <n) exp | 5 lt In M | 
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lie. : 1€ ; 
x exp Fe iE Min| exp E (b7 Gn — i) 


= (5 dn Man a b dn- v(as))| 5 
In the last step In M@~! = —InM was used which follows from Ma Viet 
Let us compare (11.52) with the result we obtained in one dimension and for 
constant mass, (11.39). Setting D = 1, M =m, and b = 0, we reduce (11.52) 
in this special case to the old result because exp ($Tr Inm) = ed 

In the general case given by the Lagrange density (11.45) the Feynman 
kernel (11.49) becomes, via (11.52), 


1 
= (2nihe)~?/? exp Es In| exp | 


N-1 D 


1 
a oN D/2 i 
(q',t'|a,t) = slim  (2mihe) / i u U dgan €XP Fs In Man) 
eS 
> L ny In . 11.53 
Xx exp dX (dns ] (11.53) 


If the “mass matrix” M(q) does not depend on the coordinates then the extra 
factor exp (1 Tr In M) can be extracted from the integral and is absorbed by 
the normalization constant NV’. Then the coordinate-space path integral again 
becomes 


(q',t'|q,t) =A" [os exp Ff erblad) ' (11.54) 


and agrees with the familiar expression (11.44). The new normalization fac- 
tor is obtained from ((27ihe)? / det M ee The limit N — oo is not well 
defined but this does not preclude practical applications of the path integral, 
as mentioned earlier. 


Remark: If the mass matriz M(q) depends on the coordinates Feynman’s 
formula (11.54) has to be modified since the extra factor 


N-1 1 oa 
U exp 5 In Man) = exp E me €Tr In Man) (oS) 


cannot be drawn before the integral. In the limit « — 0, N — oo the sum in the 
exponent becomes an integral over time. If we write symbolically 1/e — 6(0) 
the path integral becomes 


(q’,t'la, t) — Ne [> exp i; [ow (1(4,4) = #40) rinan(o)| : 


(11.56) 


In certain cases the extra term in the exponent of (11.56) is required to cancel 
a singular contribution that arises from another source.* 


The ansatz (11.45) for the Lagrangian quadratic in the velocities q is gen- 
eral enough to describe most of the systems usually encountered. However, 


4 T.D. Lee, C.N. Yang: Phys. Rev. 128, 885 (1962). 
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a possible complication arises if the matrix M does not have an inverse. As 
an important example where this happens consider the case that some of the 
velocities qq do not contribute to the kinetic energy in (11.45), such that the 
corresponding rows (and columns) in M vanish. Then the above derivation 
does not apply and one has to go back to the original phase-space path integral 
(11.43), which has more general validity. 


RBRKSE 
11.3 Gaussian Integrals in D Dimensions 


Problem. Let v and p be D-dimensional vectors and A a real symmetric 
and positive-definite D x D matrix. Prove the following identities for the 
generalized Gaussian integral (the integrations extend over the whole space 


ine ye 


Tae 1 
(a) faPve® Ue (27)P/2e73 It InA (1) 
(b) dPy Pau AU ar piv ies (2n)P/2e- 3 InA Peas (2) 
—lyT Ay 


1 
= (27)P/2e- 2 Ind (a Ae ae dp permut. (3) 


if n is even. For odd n the integral vanishes. 
(d) If A is a positive-definite hermitean matrix and z is a complex vector: 


[axazi onsale a uae (2)? e Tr InA | (4) 
The integration extends over the complex plane according to 
[evar ae 2 fares fame fe"). (5) 
Aso} —oo 


Solution. (a) In one dimension the ordinary Gaussian integral reads 


fore) 1/2 
i dye 300” — (=) | (6) 


where a is a positive constant. By assumption, A is a real symmetric matrix 
which can be diagonalized according to 


Uy, 

UAU~! =U AU? = diag(ay,..., ap) , (7) 
where U is an orthogonal rotation matrix. The numbers a; are the eigenvalues 
of the matrix A. The transformation (7) by construction leaves the bilinear 


form v! Av invariant. Furthermore we have UU? = 1 and thus the determi- 
nant is detU = 1. This implies that the coordinate transformation described 


Per 2) 
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by U does not change the volume element. Then the integral in (1) can be 
split into a product of simple one-dimensional integrals: 


Wop 1 Ae a;02 
[aP ver Av _ [roc TAD Ti di; e pat} 


D /2 
II @) = (2n)P/? (deta)-V?, (8) 
Il 


Oy 


since the determinant of a matrix is the product of all of its eigenvalues. 
Clearly the integral will only exist if all the eigenvalues of the matrix are 
positive, which means that the matrix A has to be positive definite. The final 
result in (1) follows from the identity 


D 
In detA = In] [ai = ) > Ina; = Tr In. (9) 


1=! 


(b) By completing the square the integrand can be reduced to case (a). In 
one dimension the transformation 
r\? lo 
av? — 2rv =a (v - ) —-—r (10) 
a a 
would be used. This can be generalized to the following identity for the bilinear 
form in D dimensions: 


v) Av — 2p'v = (vu - Amp)" A(v —Aq'p)-p™A'p, (11) 


which can be verified by using (A7!) = A7! and p!v = v' p. After shifting 
the integration variable v' = v — A~"p, (2) is obtained immediately. 


(c) Gaussian integrals containing an arbitrary polynomial in the integral be- 
sides the exponential function can be solved in closed form. The derivation 
can be based on an often-used trick: an auxiliary vector p is introduced which 
enters as a linear term in the exponent. The corresponding integral (2) is dif- 
ferentiated with respect to the elements p; of the auxiliary vector, each time 
producing a factor of v;. At the end of the calculation the auxiliary variable 
is removed by setting p = 0. This results in 


— lt 
fa? vo. 0, € ae Av 


Se, EN ene 
Opky Pkn p=0 
i O leet 
nye 2 Bee ee a ee (12) 
Opr, — Pky, at 


From 


D 
am (p"4*) =p (Ao tnAR) ="), 


it becomes obvious that the sought for integral vanishes if n = 1. In the case 
of two factors, vz, and vz,, one finds 
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Ge) Sak fe 6) Dae ean 
e2P p = Av} xP A p 
Ror Fon (AP e ) 


. fae 1,T 4-1 
(Arve, Ws (as (A "p) ka) e2P Av'p ; (14) 
This implies 


—i,T pail 
[are Dip, C8 2” ae (27) P/e AE es ae (15) 


For increasingly higher values of n, the application of the product rule of 
differentiation produces a rapidly growing number of terms. It is obvious that 
the exponential function is multiplied by a polynomial in p of the order n 
which consists solely of either even or odd powers. Therefore a zeroth-order 
term surviving the limit p — 0 will exist only if n is even. It is not difficult 
to confirm that this constant term consists of products of $ factors of the 
type Aaa fs oA x,» Where all possible permutations of the indices k; will 
occur. The only exception is the interchange of the two indices in a matrix 
A}: in order to avoid double counting only one of the two combinations is 
to be included. 


(d) The proof from (a) can be easily extended to the complex domain. The 
matrix A must then be hermitean and it is diagonalized by a unitary matrix 
U. Equation (8) becomes 


ae 
[once ...dzpdzn pee = [aise ...cerazp a yi 4 | 2 
= uae 
= (I | [axes Paice (16) 
1! 


The integration extends over the whole complex plane. To show that the 
integration measure is invariant under the unitary transformation we split 
the matrix U into two real matrices V and W according to U = V + iW. The 
unitarity condition UUt = II then becomes 


ww = |) WVi=VW* =o. (17) 


The real and imaginary components of z = «x + iy transform as & + iy = 
(V +iW)(a + iy) or 


x Veo Ve a x 
= =M , 18 

(S)=(% ¥)G)=H(5) : 
The 2D x 2D matrix M is real and orthogonal since (17) implies 

Vv -W Vee 

Ww Vv —-wt yt 

VVT+WWt VWT-WVt \ _ 1 

WVT-VWwt WWis+vv" jo? 


MM*™ 


(19) 


which proves the invariance of the volume element of the D-dimensional in- 
tegration. Using (5) we have for each factor in (16) 
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~|2 ae; 26 
foe ag ell = 2 farezatmz e~o(Re)* --olim 2) 


(20) 


il 
Nw 
a 
9 
es 
8 
© 
| 
Q 
8 
ee 
wo 
| 
Nw 
Q | 


and therefore 


s D B 


[asa ...dzpdzp e ne. ~ detA 


The factor 2 in the integration measure (5) originates in the Jacobian of the 
transformation according to z = 2 + iy, z* =z — iy, |dzdz*| = 2dzrdy. 
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11.5 The Time-Ordered Product and n-Point Functions 


The path-integral representation of the Feynman kernel (q', t'\q, t) can be em- 
ployed to evaluate various transition matrix elements and expectation values. 
We are particulary interested in the matrix elements of the coordinate oper- 
ator g(t) (in the Heisenberg picture) and of products of q operators. These 
matrix elements take a simple form in the path-integral representation, as 
we will show for the example of a one-dimensional quantum system. Gener- 
alizing the result to several dimensions and ultimately to quantum fields is 
straightforward. 

Assume that t; is a time coordinate within the inverval t < tj; < poelt 
one wants to evaluate the matrix element of the operator q(t;) taken between 
the states (q’,t’| and |q,t) it will be advisable to choose a partition of the 
time coordinate such that t; coincides with one of the grid points. Then the 
operator q(t;) will act on its eigenstate |q;,t;) and will be replaced by the 
eigenvalue q(t;), introducing a simple c number into the integrand: 


(q',t'| G(ts) |a, t) feu ... faa (q',t'|an—1,tw—1) °° 


spin tea |a(ts) |a te aie la, t) 


: t' 
[pare q(ts) exp if dr (pq — i » (bey 
t 
a result which is hardly surprising. How can (11.57) be generalized to products 


of more than one g operator? Let us take two intermediate time coordinates 
t; and t;, assuming at first that t; > t;. Then we have 


(q',t'| d(ts)4(t,) |a,t) = [aa ... fay (q',t'|an—1,tn-1) -°° 


(aan tiga |a(ta)|as, i) sie (nea \a(ts) |ay, ) wee (qi, t1 |q,t) 


= [Parr ata) exp i [ eri —10| (11.58) 
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Under the opposite condition, t; > t;, this calulation is not valid since the 
path integral assumes an increasing (from right to left) ordering of the grid 
points in time. Instead it is clear that we obtain exactly the same integral if 
the ordering of the operators is inverted, g(t;)4(t;) — G(t;)4(t;). Both cases 
can be combined by using the time-ordered product T(---) which we have 
already encountered several times: 

! 

5 f erty -10] 
t 


(11.59) 


It is most interesting that the path-integral formalism has led us in a nat- 
ural way to the same concept of time-ordered products that played such an 
important role for the perturbation theory developed in Chap. 8. 

Of course (11.59) is immediately generalized to time-ordered products in- 
volving more than two factors: 


(q',t'| T[G(t1) 4(te) «++ G(tn)] a, t) 


-_ q(ti)-+- q(t) exp i / or(pi~ 10) (11.60) 


(a', #'| T (a(t) 4(¢;)] |¢,t) = [rarvate )a(t;) exp 


For a system with quadratic velocity dependence in the Lagrangian, Feyn- 
man’s coordinate-space path integral can be employed: 


(q',t'| T[q(ti) --- G(tn)] |a, t) =N [Daq(t)..-a(te) exp Gf ot) : 


(11.61) 


A quantity of particular interest is the ground-state expectation value of 
the time-ordered product of q operators. We have studied the analogous object 
in the framework of quantum field theory, where it was identified with the field 
propagator and could be used to construct the S matrix. We are interested in 
the two-point function, which for the simple case of a one-dimensional system 
depends only on the two time coordinates ¢; and te: 


G(ty, te) = (0| T'[G(t1)4(t2)] 0) . (11.62) 


Using a clever trick we can extract this function from the transition matrix 
element (11.61). For this purpose we insert two complete sets of states on the 
left and on the right of (11.61). This time we employ the eigenstates of the 
Hamiltonian in the Schrodinger picture: 


n= 2 |t2) (11.63) 
which leads to 


lat) = pe ye In)s s("la)5 = s Ds g("|4)5 
= ye aon - (11.64) 


Here wn(q) denotes the coordinate-space wave function belonging to the state 
|x). Then the matrix element in (11.61) can be rewritten as 
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Fig. 11.2. The complex 
rotation of the time axis 
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(a', t'| T [G(t)4(t2)] |a, ¢) (11.65) 
=> (at! |n')g g(n'| Tata) a(t2)] |r), 5 (r]a#) 
= Se HBut BaP (q/)a(q) s(n'|T[G(ts)a(t2)]|”)s - 


One of the many contributing terms on the right-hand side (the one having 
n' =n = 0) contains the two-point function G(t,,t2) we are interested in. 

How can this contribution be extracted form the sum? Taking the limit 
t' + +00, t — —oo at first does not seem to help much since the expo- 
nential functions at infinity exhibit undamped oscillatory behavior. At this 
point, however, one may take recourse to a mathematical artifice by which 
the oscillations are turnend into an exponential fall-off: we change the limiting 
prescription and attach an imaginary part to the time coordinate. To be more 
precise, a rotation by an angle 0 < 6 < z in the complex plane in the mathe- 
matically negative direction is performed (see Fig. 11.2), leading to the limits 
t! = we? and t ~ —ooe*. This has the desired consequence: the factor 
exp [—i(E,t' — Ent)] drops off exponentially (assuming that all energies 1g 
can be chosen positive). 


Expressed in terms of the new rotated time coordinates 7 = et and 7! = e°t! 
the limit of the matrix element reads (11.65) 


lim (/t'| 7 [a4 )4(¢2)] |ant) = tin (a',e°r'| P[a(ts)a(t2)] |e 7) 
t' 00 pli ass ot ae 
t——00 is 


T3—e' 00 


+ lim (q',e-°r'| T[4(t1) 4(te)] |q;es or). 


tl 
TFT —>0o 


Tt OO) 


(11.66) 


The decisive step is taken in the second line by going to real values of the 
rotated time coordinate 7. This will only be admissible mathematically if 
the matrix element is an analytic function in the variables t and ¢t'; then 
the transition in (11.66) amounts to an analytical continuation. To phrase 
it differently: by using (11.66) we attribute to the matrix element a value 
obtained by starting from the well-defined quantity on the right-hand side 
and making an analytical continuation to 6 — 0. The particular value chosen 
for the angle 6 is not important and the result must not depend on it. The 
most elegant formulation is achieved if an angle of 6 = 7/2 is chosen, rotating 
the time axis into the purely imaginary direction, t' + —ioo, t — +io0. Such 
a rotation of the time-like component of a Minkowski vector by 90° in the 
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complex plane is called a Wick rotation or the extension to the euclidian 
region. The Wick rotation is a very popular tool in field theory, and we will 
come back tot im Sect, 12:2. 

When applied to the two-point function the Wick rotation calls for the 
calculation of (11.65) for imaginary time arguments t = —ir, 7 being real: 


(q', -ir'| T [G(t1) G(t2)] |@, -ir) 


= SF Fu Fn) thar (QR CQ) s(n'| T[G(t)a(t2)] |r), . (11.67) 


n,n! 


Compared to (11.65) this expression has a decisive advantage: for imaginary 
times the exponential functions no longer oscillate, rather they fall off rapidly. 
In the limit of large 7 the sum will be dominated by the term with the slowest 
fall-off rate, which happens to be the ground state n = 0 having the lowest 
energy (we assume that the ground state is not degenerate): 


(q', -ir'| T[G(t1) G(t2)] |, -i7) 
— eH P—) aho(q!) 05 (q) (0 T [4(t1) 4(¢2)] |0) - (11.68) 


We remark that this reasoning remains valid also for other choices of the 
rotation angle 6 taken from the interval 0 < 6 < 7. Then the exponent would 
contain an additional factor ie~'® with a positive real part. 

The prefactor on the right-hand side of (11.67) obviously is the limit of 
the Feynman kernel in the euclidian region: 


(q',-ir'|a—ir) = Doe) bala’ wa) (11.69) 


> e Fol'—7) abo (q')b3 (q) = vol", ir’) 0G (a, —i) « 


Thus we obtain the two-point function as the limit of the ratio between (11.68) 
and (11.69): 


(0| 1 [a(t1) 4(ta)] 0) = lim (g's =i7!| Tata) (ta) ]| a, =i) 


es (q', ir! |, —ir) 
f= eS) 


(11.70) 


Now the analytical continuation back to real time values can be taken (i.e., 
we rotate by the angle +90° in the complex plane). Expressed in terms of 
the path-integral representations (11.61) and (11.40) for the numerator and 
denominator of (11.70), the final result for the two-point function is 


eee (Wg, t'| Flat) a(ta)) 4, t) 
(0| T[G(t1) 4(t2)] 0) = pee (q',t'\q,t) 


[Dq fDp alts)a(t2) exp [i [.¢t a - 4) 
t! +00 {Dq [Dp exp E ieee pie H)| 


(iz) 


This relation can immediately extended to the case of arbitrary n-point func- 
tions: 
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Fig. 11.3. Adiabatic switch- 
ing of the source term 


(0| T[4(t1) --- 4(tn)] |0) 
fDq {Pp a(ti)-+-a(tn) exp li [2 ski = A)| 


: (72) 
t'400 fDq [Dp exp E J clgag = H)| 


If the conditions described in Sect. 11.3 are fulfilled, (11.72) can also be written 
as a Feynman-type path integral: 


(0| 7 [4(t1) --- 4(tn)] |0) 


Nae fDq exp E sR at La, 4)| 


t>—0oo 


(11.73) 


If convergence problems are encountered when dealing with the path integral 
one should remember that the limiting process can be taken in the complex 
plane, i.e., t’ + e700 and t + —e7**oo. 


11.6 The Vacuum Persistence Amplitude W[J] 


A useful approach to learn about the dynamical properties of a quantum sys- 
tem would be to study how it reacts to a “kick”. In other words the system 
is subjected to an externally applied perturbation and the influence of this 
perturbation on transition amplitudes, for example, on the by now familiar 
amplitude (q',t'|q,t), is evaluated. The perturbation will be described by a 
classical source term J(t) which one may visualize as an external macro- 
scopic force field. To ensure that J(t) enters the equation of motion as an 
inhomogeneous source a term J(t)g has to be included in the Lagrangian of 
the system. 

Since the validity of the path-integral formalism is not affected by such a 
modification we already know what the Feynman kernel (11.31) looks like in 
the presence of the perturbation: 


Get). = [01 [re exp 5 (0d - Hlo.a) + Je) (11.74) 


where the index J indicates the presence of the perturbation. The object 
(q‘,t'\q, t) is a functional depending on the function J(t). Let us study the 
properties of (11.74) in the limit of large times, t' + +00, t + —oo. To obtain 
a meaningful limit we assume that the source is switched off adiabatically at 
large times (see Fig. 11.3) 


11.6 The Vacuum Persistence Amplitude W[J] 
im Jt) 08 (te) 


The time values ¢; and t, with t < t, < 0, t' > t2 > O are to be chosen such 
that the function J(t) vanishes outside of the interval [t), t2]. After inserting 
two complete sets of eigenstates of the coordinate operator @ (in the “moving 
basis” of the Heisenberg picture, cf. (11.12)) we obtain 


Ct [ow [an (q', t'|g2, t2) (q2, tolar, tr) , (ai, ti|g,t) - (11.76) 


Since in the outer region the perturbation J is switched off, the first and third 
matrix element in (11.76) can be expanded with respect to the eigenstates of 
the unperturbed Hamiltonian H. As in (11.64) we obtain 


(q',t'|q2, to) = (7 exp|-+H = t2)| |q2) 


= Ue exp[- FH] n) (nl exo [Ae] 2) 


n 


 (a'|n) (njaz) exp|-FEn(t! — t)| 


n 


S¥ala'Wa(a2) exp[-= En —t2)], (1-77) 


and correspondingly 
i i 
(q1,ti|q,t) = D> dala) vn (a) exp|—- Bn (th = i) (11.78) 
Then (11.76) reads 


(a,t/|at), = Sow (aaa) exp| 


x [am fan wr, (ga, ta) (ga, to|qrs ti); Pal, t1) - 


We are interested in the Feynman kernel (11.74) for large times, t’ — 00, 
+ — —oo. Because of the oscillating phase factors this limit is not well defined 
when taken literally. Here the same artifice of going to complex times can be 
applied, which we introduced in the last section for the evaluation of the n- 
point function. As in (11.66) we make an analytic continuation to the euclidian 
region (i.e., to imaginary times T = it): 


i 


5 (En! t!— Ent)| (ler) 


lim (q', t'|q, i) = lib 4a, —ir'|q, ir), eo lim (7, —ir'|q, < : 
t' 00 7'—+i00 7t'—00 
t-+—oo T-+—j100 T-+-—00 


(11.80) 


Because of the exponential decay only the contribution of the ground state 
n = n' = 0 survives, since it shows the slowest fall-off. Thus we have (for 


f= es, = 69) 
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(q', ~-ir'|q, —ir), 
+ Yo(q') oF 7" wa (q) et 2 H07 (11.81) 


x [ot for Wb (a2, te) (a2, t2|q1, t1) » Yo(a, t1) 


= vo(q', -i7')vo (4, ir). [ae faa (O|q2, t2) (q2, ta|ta, tr) , (a1, t1[0) - 


The integral expression on the right-hand side obviously can be interpreted as 
the probability amplitude for the ground state |0) remaining unchanged under 
the action of the perturbation J(t) in the time interval t; ...t2, i-e., for the 
process in which the perturbation does not induce excitations. Anticipating 
the field-theoretic vocabulary we will call it the vacuum-vacuum amplitude or 
vacuum persistence amplitude, designated by the functional W[J]: 


Wd] =(0l0), = fam faa (O|q2, t2) (ga, to|ar,t1) , (qi, ti |0). (11.82) 


The vacuum functional defined in this way can be evaluated by using (11.81): 


, Gat late eG lan 
! t!——i00 vo (q', tv CE t) t' 4-00 (q', U lq, t) ( ) 
too tice 


Here the time interval during which the perturbation acts can be taken to 
be arbitrarily large, tg — 00, tf; — —oo. Except for the normalization factor 
the amplitude in (11.83) agrees with the Feynman kernel for the propagation 
from (q, t) to (q’,t’) in the presence of the perturbation J(t)g. Therefore W[J] 
can be represented by the path integral 


W{J] = N [Da [Dp exp F [oa (4 ~ H(p,q) + 4) , (11.84) 


where we have switched back to the real time coordinate. The normalization 
constant NV can be fixed by postulating 


W([o] =1, (11.85) 


since the ground state has to be stable if there is no perturbation, J = 0. 

In the calculation of the path integral over Dg in principle boundary con- 
ditions have to be imposed, lim;_,.. q(t) = q’ and lim:,_. q(t) = q. The 
derivation of (11.84) indicates, however, that the value of W[J] will actually 
not depend on the choice of these boundary values. 

For systems characterized by a quadratic velocity dependence of the kinetic 
energy, (11.84) can again be expressed in Feynman’s form: 


W[J] = N’' | Dq exp E [ve (La, qg)+ 11) | (11.86) 


Generalizing (11.84) or (11.86) from one dimension to quantum systems hav- 
ing D dimensions presents no problem. The vacuum—vacuum amplitude W is 
a functional of a = 1,...,D independent source functions Jq(t), ice., 


11.6 The Vacuum Persistence Amplitude W[J] 


D D 
W[,...,Jp]) = n'| [[ Pea [] Pra (11.87) 
= a=1 


: +00 D D 
x exp i; / dt (© Pada = H) ae Se Jae 
ge oI Cal 


and similarly for (11.86) 

The vacuum—vacuum amplitude W[J] is an object of fundamental impor- 
tance within quantum field theory. From the knowledge of this functional the 
quantities can be derived that are needed in perturbation theory, namely the 
n-particle Green’s functions. Furthermore the functional W[J] can serve as a 
starting point for the nonperturbative treatment of the theory. 

To see the use of the vacuum functional we form the n-fold functional 
derivative of W[J] with respect to the function J(t): 


, +00 
1 
x exp | at(pd~ H+ J0)). (11.88) 
This expression agrees with the path integral in (11.73) except for the presence 
of J in the exponent. Thus the n-point function is obtained as the functional 
derivative of W[J], taken at the vanishing J = 0: 


(0| T[4(t1) ---@(tn)]|0) = (*) ATL (11.89) 


1 


J=0 
Note that the normalization factor VV in (11.88) just agrees with the denom- 
inator in (11.73). 


Remark. In our final expressions we have simply written t’ —> 00, t -+ —oo for the 
limits of the time coordinates in the path integrals. As mentioned already several 
times one should keep in mind that the underlying limiting process was justified 
only when rotating the integration contour in the complex time plane by a negative 
angle (e.g., 6 = >). There is an alternative technical device that can be employed 
if one wants to avoid the introduction of complex times. The Hamiltonian can be 
endowed with a “damping term” that enforces asymptotic convergence. A possible 
choice for such a term is H’ = —ieq? where € is a small positive number. In this 


way the path integral obtains an additional factor ex (-i fat a’), which has 


a dampening effact at large times |t|. The choice of the quadratic dependence on 
q was quite arbitrary but this choice turns out to be very convenient (allowing for 
Gaussian integration). Using this prescription we find that the expression (11.86), 
taken as an example, becomes 
; +oo 

W[J] =N' [Dq exp Bl dt (4@4) +J(t)a+ i?) : (11.90) 
In the following, however, we will not make use of this prescription. Rather, we 
prefer the euclidian formulation, which can claim greater generality. 
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12.1 The Path Integral for Scalar Quantum Fields 


Up to now we have investigated systems possessing one (q) or several (qa, = 
1,...,D) degrees of freedom and studied their quantization using path inte- 
grals. In this chapter we will pass over to (relativistic) field theories, starting 
with the case of a scalar neutral field ¢(x). When discussing canonical quan- 
tization we already noticed that the field function ¢(z,t) can be viewed as a 
generalized coordinate vector g;(¢) depending on the “continuous index” z in 
the place of the discrete index 7. Thus a field is a system with an infinite num- 
ber of degrees of freedom. Its dynamics is described by a Lagrange function 
which in local field theories can be written as an integral over the Lagrange 
density: 


ee [#22(6@), 4.6) . (12.1) 
Introducing the canonically conjugate field 
OL 
a 123 
(2) = 555 (12.2) 


the corresponding Hamiltonian is given by 
oid ee) — [ee (1 dog — L) . (12.3) 


Within the formalism of canonical quantization the field functions ¢(z) and 
a(x) are converted into operators ¢(x) and a(x) for which equal-time canon- 
ical commutation relations are postulated 
(er eetta: t)| eo (an (12.4a) 
[o(a,t), d(a’,t)] = [#(w,t), #(a’,t)] =0. (12.4b) 
In complete analogy with the treatment of a one-dimensional quantum system 


presented in the last chapter we study the field operator in the Heisenberg 
picture ¢(a,t). It satisfies the equation of motion 


~ing(@,t) = [#, b(a,t)] (12.5) 


which is formally solved by 


a 


dla, t) = e*/* d(x, 0) eFt/* | (12.6) 
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The Heisenberg field operator has a set of time-dependent eigenstates satis- 
fying 
d(a, t) |b, t) = o(x)|¢,t) - (12.7) 


This definition corresponds to the “moving basis” introduced in (11.11). Note 
that we did not write the time coordinate as an argument of the state vector 
|¢,t). This vector has a functional dependence on ¢(a), it is not related to 
the local value of the field at the point zx. 

The time dependence of the basis vector |¢,¢), expressed in terms of the 
constant Heisenberg vector |), is determined by 


Id, t) = et/*14, 0) = el #t/A Igy | (12.8) 


Now we want to determine the transition amplitude between two state vec- 
tors taken at different times. This amplitude, which was named the Feynman 
kernel in Chap. 11 reads 


(¢',t'ld, t) = (¢'| e ill —t)H/h |?) ; (12.9) 
This is the probability amplitude for making a transition from the field con- 
figuration $(a) at time t leading to the field configuration ¢'(x) at time t’. 
The knowledge of (12.9) is sufficient to answer any question on the dynamics 
of the quantum field by forming suitable projections. 

It is quite obvious how the path integral (11.31) of ordinary quantum 
mechanics should be generalized to describe quantum field theory: 


: t' 
(d',t'|¢,t) = [pe [ox exp if dr [a (780 — H(m,¢))| . (12.10) 
t 
The corresponding boundary conditions are 


o(z,t')=e'(z) and 9(z,t) = o(z), (12.11) 


where we have chosen particular functions ¢'(x) and ¢(z). 

Equation (12.10) only makes sense if an operative prescription is given 
for evaluating the path integral over a field [D¢(x, t) , thus generalizing the 
path integral over a function [Dgq(t). A way to achieve this comes to mind 
immediately: the space coordinates can be restricted to a finite volume V 
and discretized. One may slice space into a set of M “elementary cells” of 
volume AV, which for simplicity will be taken of equal size, centered at the 
coordinates z,;,! = 1,...,.M. In this way the continuous field function ¢(z, t) 
is made into a finite-dimensional vector ¢(t) := (x,t) with discrete index 
1. Now the construction of the path integral, based on the splitting of the 
time interval t,...,t' into N segments, can be simply copied from Chap. 11. 
Equation (12.10) then reads explicitely 


MS ENS N-1 Avan 
Pall ee : in 
(velo) = sn] ] TT aon TT P| 2.19) 


. N- M 
x eX 1 ; Oh ep Oc 
PL ae ee 


n=0 i=1 


12.1 The Path Integral for Scalar Quantum Fields 


with the field variables $1, := ¢(21,tn) and tn := m(21,tn) defined on the 
spatial and temporal lattice points. 


The limiting process implied in (12.12) consists of three distinct steps: 
e Nim under the condition Ne = t' — t fixed, 


e im under the condition MAV = V fixed, 


e Siete 

V- 00 
In Exercise 12.1 the steps leading to (12.12) will be worked out in more detail. 
If the Lagrange function has a simple quadratic “velocity” dependence, 
once again it is possible to go from the phase-space path integral (12.10) 
to Feynman’s coordinate space form. Note that the condition is satisfied for 
ordinary field theories. Let us illustrate this for the example of a scalar field 

with self-interation at Here the Lagrange density reads (c = 1) 


he 
ee ae Oe =m 26 = Vie (23) 
and the fae density is given by 
Lg be Do oe 
=—-—> = = V 12.14 
Bega VG) = 5 0 V6) (12.14) 
where the canonically conjugate field is defined as 
1 = POod . (12.15) 


In this case the Feynman path integral equivalent to (12.12) becomes 


($',t'\d, t) =N [D9 exp |= [a fetoce,d) (12.16) 


as derived in Exercise 12.1. 

Also the remaining results of the last chapter can be transferred from 
finite-dimensional systems to field theory without difficulties (at least at the 
formal level). As an example the vacuum expectation value of the time-ordered 
product of field operators (x, t) = (2), i.e., the n-point function or many- 
body Green’s function is given by 


(ofr (Bex) «+ 6lan))|0) = N [D6 (21) 6am) exp [> fate c(9,8)] 
(12.17) 


The time limits for the action integral in the exponent extends to infinity. To 
achieve convergence and to filter out the contribution of the ground state one 
has to perform the rotation in the complex time plane t -+ too e® discussed 
im sect. 11:5. 

Also the artifice of introducing an erternal source can be exploited in field 
theory. The source now is a function J(x) depending on space and time, which 
gets multiplied by the local field (x). Generalizing (12.16), this leads to the 
transition amplitude 


(¢',t'|d,t), = | Dd exp i i “ate (c(e,) + 46) (12.18) 
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The vacuum-vacuum transition functional reads (cf. (11.86)): 
W{J] = (0|0), =n [v6 exp i fats (c(¢, One 16)| (12.19) 


The vacuum functional W[J] plays a central role in field theory since it can 
be used to evaluate the Green’s functions, i.e., the vacuum expectation values 
of T products. From (12.17) and (12.19) we conclude 
- * i "Ww [J] 
COL ea) gg 2))10) (7) 6I(a1) ...6](an) 


1 


(12.20) 


J=0 


EXERCS ——— 


12.1 Construction of the Field-Theoretical Path Integral 


Problem. Repeat the steps involved in the construction of the quantum- 
mechanical path integral for the case of a scaler field ¢(z, t). 


Solution. We have to evaluate the transition matrix element (¢’, t'|¢, t). Con- 
figuration space is discretized into M cells at a, / = 1,..., M, and the 
time interval is split into N segments at t,,n = 0,...,N (so that to = ¢, 
ty =t+e,...,ty =t'). Then for each of the cells a basis of eigenstates of the 
Heisenberg field operator din i= (x1, tn) can be constructed that satisfies the 
completeness relation 


[20m Bota) igual = 1. (1) 


Fig. 12.1. A typical path 
for the time development 
of the field function in a 
given cell { 


The transition amplitude can be split into a product of the amplitudes in the 
M cells. Subsequently the time evolution is discretized as in Sect. 11.2 
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(o',t'|¢, t) ($1025 --+1 Paes t |b1, $2,---, mt) Exercise 12.1 


M 
[J (41, t'|a, t) 
= 
a 
ddin-1 .--[ddre {dori (Gj, t'|¢rn—1,tw-1) °° 
II fav [ior [261s (61,t'|b1y-1,t0-2) 


x (br2,t2|¢r1, t1) (dr, t1|91, t) - (2) 


If N is very large it is sufficient to know the transition amplitudes for in- 
finitesimal time differences: 


Cree enilena ts) = ($ingi|e7? nH Te los, ) 


(drnzi|l — i He|din) + O(€”) ; (3) 
The Hamilton operator of the discretized theory (finite M) reads 


M 
H(m,...,%391,--..¢m) = >, AV H(A, br) - (4) 
l=1 
It depends on the values of the discretized conjugate field operator 


. Loe 
Ce (5) 
06, 

To evaluate (3) a complete set of eigenstates 

ia) (tes) outa (lies) (6) 
can be inserted which satisfies 

AV dtin 
[=e lata) (tra| = 1. (7) 


Then the matrix element of the Hamiltonian reads 
(d1n+1|H (#, 6) |din) 
AVdtin 
=(—a = (d1n+i|tn) (ti n|H|¢in) 


ah 
= [=e (binsiltin) (mialgin)AVH(ti ns bin) - (8) 
Now the generalized equation (11.5) can be used, which reads 
Big| iin) =a (FAV minds ; (9) 


In the continuum limit this equation becomes 


(¢|7) = exp E [es x()o(z)| (10) 


One immediately verifies that (10) is necessary in order to satisfy the operator 
relation 


= ae (11) 
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Using (8) and (9) we find the overlap matrix element (3) becomes 


AVdtin 1 
(dintirtngi|~instn) = l= exp [pA Aral din din) 


x (2 s ic AVHin) + O(c?) , (12) 


with the abbreviation Hin := H(t n, din). Linking these factors together (2) 
finally leads to 


M /N-1 Nel Ay ee 
(otto) =T1(T [aor I [ee] (13) 
l=1 \n=1 n=0 
AONE) Me , No M 
x ex (5 > AV tr n( dint — é1n)) exp (-; S- <> AVHin). 
l=1 n=0 l=) 


n=0 


In the continuum limit this becomes 
M /N-1 
oe 
1 oal . . ° d < 
OO) = JAN, ante Neto (1 I ff Sen 
conf ye Sav (mn Pint — Pin rin) 
=0 


[p6 [r= oj [ar fete( x (do — Hn, ®) _ (14) 


The phase-space path integral (14) can be transformed into Feynman’s form 
if the Hamiltonian depends quadratically on the conjugate field 7. Let us 
assume that # has the standard form (12.14) 


Gain sa” fee sh(ve)? + 5m?g? +V(d). (15) 


Then the transition amplitude (12) for neighboring points in time in the first 
order is given by 


(1 enone) 
- AVdtin i 5 i 
~ —_ exp Few (sindun = api Tin = in) | : (16) 


The function 
' Ue ee anoue i: ne 9 
Hin = 5h (V9) ot @ +V(9) = Hin — 55 %in = Hin — Fb in (17) 


collects the 7-independent terms of the Hamiltonian. Equation (16) is a Gaus- 
sian integral which can be brought into the standard form by completing the 
square: 


AV a ieee. 
Orta Crate) = Bae exp Faueus = HH, all 


a ie AV 
x dr’ ae Te 
i exp | OF3 | 
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Die Nate i : 
(5 exp icv (182, — Hen) . (18) 


This leads to the following expression for the Feynman kernel 


( eee ‘ : sali 27 1€ a 
e, |? ) a jim, jim, lim [] I] [20m (are) 


a 
x exp F Se eS- AV L19| 
n=0 l=1 
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12.2 Euclidian Field Theory 


Equations (12.16)—(12.19) are of central importance for the application of the 
path-integral formalism to problems of quantum field theory. We already have 
mentioned several times, however, that the convergence of the integrals is not 
guaranteed because of the oscillating exponential function. To circumvent this 
problem, in Sect. 11.5 we introduced complex time values, rotating the inte- 
gration contour in the complex time plane by a negative angle, t = e~*7 with 
T real. In this way the exponent obtains a negative real part, so that the inte- 
grand falls off, thus guaranteeing convergence. This procedure is based on the 
assumption that there are no singularities in the covered region of the com- 
plex t plane. Under this condition an analytic continuation in ¢ is possible and 
the results do not depend on the chosen value of the angle 6. In some simple 
cases, for example, for the noninteracting Feynman propagator, the validity 
of this assumption can be verified by an explicit calculation. Fortunately the 
analytic continuation is justified also under much more general conditions.! 

The complex-rotation presciption becomes particularly elegant if the angle 
6 = 7/2 is chosen, i.e., if purely imaginary times are introduced. We will 
formulate this in a relativistically covariant fashion. 

The ordinary coordinates z, = (%0,%1,%2,%3) = (Zo,@) form a four- 
vector in Minkowski space. Now a new vector of coordinates tp, = 
(tE1,2E2,0E3,2E4) = (XE, £4) is introduced, identifying 


Da 125 : Gag aces (2.21) 


Thus the time coordinate is rotated by an angle 7/2 while the space coordi- 
nates are kept unchanged. If x4 is postulated to be a real number then the 
new vectors form a four-dimensional euclidian space. The factor i just has the 
effect of cancelling the difference in sign between space and time components 
in the Minkowski metric. The squared norm of an euclidian vector is 


1K. Osterwalder, E. Schrader: Comm. Math. Phys. 42, 440 (1975); 
J. Schwinger: Proc. Natl. Acad. Sci. 44, 956 (1958). 
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en ne EE EEE ee eee 


Fig. 12.2. Wick rotation: 
The integration along the 
real euclidian 24 axis in 
Minkowski space corre- 
sponds to an integration 
along the imaginary Zo 
axis in negative direction 


CMe ae ete ee 2 
0? = feelh, = 04 +2, Peo +3 = —lg eS ee (2222) 


Note that it is no longer necessary to distinguish between the covariant and 
contravariant components of a vector, Zep = Lp. 

The connection between Minkowski and euclidian space in the complex 
time plane is illustrated in Figure 12.2. The prescription introduced in Chap. 
11 now reads: in the evaluation of the path integral the time contour is to be 
taken along the real x4 axis (the dashed line in Fig. 12.2b). This leads to the 
“euclidian transition amplitude”. Subsequently an analytic continuation has 
to be made which leads back to the ordinary Minkowski time. This artifice of 
going to imaginary times is called a Wick rotation. It is an important technical 
tool used very often in quantum field theory. We emphasize that the Wick 
rotation (or alternatively the introduction of a damping term as in (11.90)) 
is necessary to ensure that quantities like the vacuum amplitude W[.J] are 
mathematically well defined. 


Im xo Im x4 


Re zo Re x4 


(a) (b) 


Let us add some remarks on the technical aspect of calculating in euclidian 
space. In view of the importance of plane waves and Fourier transforms we 
introduce the euclidian momentum space. The euclidian momentum vector is 
defined as pay = (pE1, PE2, PE3, PEs) = (PE, pa) with 


Pa=—ipo , PE=P, (2923) 
where pq is a real variable. The norm of the momentum vector is 
Pi = Pat Pi + P23 + 73 = —Po tp = —p’ (12.24) 


Unlike in (12.21), which holds for the space coordinate, the momentum vari- 
able po (the energy) is rotated in the mathematically positive direction, as 
shown in Fig. 12.3. The sign in (12.23) was chosen such that the product of 
time and energy (or frequency) is invariant, ie., pav4 = (—ipo)(izo) = poZo. 
This is an arbitrary choice which ensures, however, that the travelling direc- 
tion of a plane wave remains unchanged when the coordinates are transformed, 
since 


elPp xt = el(PoXo nf BES x) = el(pa%a —= /0i5} LE) ; (12.25) 
For the scalar product of the euclidian four-vectors we find 
PE‘ TE = pala t PE'LE=Poto+p:'z, 225) 


which does not agree with p- x = po%0 — p- &. 
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Im po Im p4 


Re Po Re Pa 


(a) (b) 


Let us consider the four-dimensional Fourier transform. The volume element 
transforms as 


d*2 = -id’zp d‘p =id'*pg . 7) 


The Fourier transform of a function f(p*) that depends on the square of the 
four-momentum in euclidian coordinates becomes 


4 : 
iff PE —i(p4%4 — PE: TE) f(—p2) 


(27)? 
fie ey te 
= i fee Patt Be) 9(—92) 
eidipen ea 
= a qe 'PE TE f(—pt) . (12.28) 
In the second step we inverted the spatial momentum vector pp = —pp, and 


susequently renamed the integration variable back to pg. 

If vector fields A* (x) are involved in a theory, their behavior under Wick 
rotations has to be specified too. The following rule is used: a Lorentz vector 
field is transformed into a euclidian vector field AG (rp) according to 


Aq(zE) =-i Ao(2) ; Ap(ig) = A(z) ; (12.29) 


where Ap, is assumed to have real-valued components. The prescription 
(12.29) is inverse to the transformation of the coordinate vector (12.21), 
Z4 = +ixg. The prescription is suggested by the principle of gauge invari- 
ance according to which the A* field has the transformation properties of a 
gradient (remember the gauge-covariant derivative D’ = 0" + ieA*). In the 
formation of the derivative, the factor i gets into the denominator, which leads 
to an inverted sign. For the time component we have Do = 0/0z9 + ieAo = 
0/0(—ix4) + ieAp =1(0/0x4 + ie Ay), by using (12.29). 

To conclude these remarks we give the expression for the euclidian vacuum 
functional of a scalar field theory (12.19): 


We[J] = Ne [Pe exp Ro [aice (c(4i5*) HE 1#)| 2:30) 


where the time integration according to Fig. 12.2 extends along the real 24 
axis (instead of —ico ... +i00). In the case of a scalar field with self-interaction 
V(¢) the Lagrange density according to (12.13) reads 


Fig. 12.3. The Wick ro- 
tation in momentum space 
is defined with an opposite 
direction 
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ea ee 
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fe jae 
=e ae aoe — Vo. Vo) - gi ¢ — V(¢) 


[FE ebaid+ V6: V8) + mid + v(0)| 


ie 1 
= E OEpn> Opp d + ame + v(0)| (12.31) 
The euclidian vacuum functional of the scalar field theory thus is given by 


2 i. 
Wale Ne [D0 ae -5 [atce i By apu +e sme? Ge 16)| 
(12.32) 


This result has the intended property: the weight factor for the paths is a real- 
valued function which falls off exponentially since the exponent in (12.32) is 
always positive (at least in the asymptotic region where J is switched off ). This 
is ensured povided that the potential of the self-interaction V(¢) satisfies the 
stability condition, i.e., provided that it is bounded from below. By shifting 
the energy scale, V(¢) > 0 can be chosen. 

Let us note that the relation (12.32) in the form 


We « [Doc rel (12.33) 


with a real euclidian action Sg > 0, serves as the starting point for con- 
structing a far-reaching analogy between euclidian quantum field theory and 
statistical mechanics.2 The path integral over all field configurations corre- 
sponds to the canonical sum of states (the partition function) 


1 
Z=S oe ere | (12.34) 


which extends over all possible configurations of a classical mechanical system 
having energies of E,. Strictly speaking this provides only a formal mathemat- 
ical connection between problems that have very different underlying physics. 
Nevertheless it becomes possible in this way to apply the elaborate tools of 
statistical mechanics to the realm of quantum field theory. Finding connec- 
tions between apparently unrelated fields can be very rewarding. 

The euclidian formulation of field theory also has important consequences 
for practical calculations. To evaluate path integrals numerically the field 
variables have to be discetized on a space-time lattice.? This leads to mul- 
tiple integrals in a very highly dimensional space (there are typically 10* or 
more integration variables). The only chance to do such an integration lies in 
sampling the integrand on a rather small number of cleverly chosen statisti- 
cal grid points (“Monte Carlo integration” ). If the integrand were to exhibit 


2 An extensive presentation of functional methods in quantum field thory and in 
statistical mechanics can be found, e.g., in J. Zinn-Justin: Quantum Field Theory 
and Critical Phenomena (Oxford University Press, Oxford 1989); M. LeBellac: 
Quantum and Statistical Field Theory (Oxford University Press, Oxford 1991). 

3 See W. Greiner, A. Schafer: Quantum Chromodynamics (Springer, Berlin, Hei- 
delberg 1994); M. Creutz: Quarks, Gluons and Lattices (Cambridge University 
Press, Cambridge 1983). 
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oscillations, as it does for the original path integral before the Wick rota- 
tion is applied, there would be no chance whatsoever of achieving numerical 
convergence. With the use of the euclidian formulation, however, numerical 
simulations of lattice field theory have become an important tool in modern 
theoretical physics. 


12.3 The Feynman Propagator 


Let us explicitly evaluate the vacuum functional Wo[J] for the case of a free 
uncharged (i.e., real-valued) scalar field ¢(x) described by the Lagrange den- 
sity 


Hii © 0,60" — 5m : (2235) 
We have to solve the path integral 

Wold] = [D¢ a F [es (= Be eED amg? 4 16) | _ (12.36) 
Expressed in terms of euclidian coordinates we find 

goss (Sore aby + md?) (12.37) 
and the corresponding euclidian vacuum functional reads 


WEL] = Ne [ve exp IF [atee (Foreate - sng? - 16) ; 
(12.38) 


This path integral has to be evaluated and subsequently to be continued 
analytically back to Minkowski coordinates. The exponents of (12.38) contains 
the square of the field variable ¢. Therefore (12.38) is a Gaussian integral that 
can be solved analytically. It is, however, a Gaussian integral on a somewhat 
higher level of abstraction, i.e., a functional integral. Fortunately we will be 
able to find the solution by using the methods we already have at hand, 
although the derivation will not be rigorous from a mathematical point of 
view. 

Equation (12.38) contains an integration over the elements of a function 
space of infinite dimension, i.e., over the wave functions ¢ in Hilbert space. 
Instead of this demanding task we will integrate over the vectors of a finite- 
dimensional vector space (of dimension NV). In the limit N — oo in this way 
the whole function space should be covered. Strictly speaking, of course, we 
would have to prove that the result obtained in this way does not depend on 
the details of the limiting procedure, but we will not address mathematical 
questions of this type. Equation (12.38) can be written in the following general 
form: 


WELT] = Ne [D6 e 2(¢, Ad) + (0,4) | (12.39) 


Here we have introduced the following scalar product 
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(0) = faton w(en)6lee) (12.40) 
which is a generalization of 
N 
(v,w) =v w= eo. (12.41) 
i=1 


for a finite-dimensional (real) vector space. The coordinate rg thus plays the 
role of a “continuous index”. Correspondingly the “matrix” A has become a 
function of two continuous coordinates and we have 


(¢, Ad) = [aise d‘zp (zp) A(rp, ZE) O(ZE) (12.42) 
in analogy with the finite-dimensional expression 
N 
(v, Aw) =v'Aw= ye GO Ag ae (12.43) 
ij=l 


The action integral in (12.38) contains 


1 ' 
ANGE Gas) = = (wa,PoR + m) 64 (ap — tp) 
= ; (—h? Of +m?) 5° (a, — ap) , (12.44a) 
if 
(te) = i J (ag) (12.44b) 


Now we make use of formula (2) from Exercise 11.3 for the general Gaussian 
integral in N dimensions. Except for the factor (27). /2 which can be combined 
with the integration measure this formula contains no reference to the space 
dimension. Therefore we will be bold and use the finite-dimensional Gaussian 
formula also for the functional integral in (12.39): 


[> Pa Ad) + (p,¢) — (det A)~2 9) ; (12.45) 


For the euclidian vacuum functional this implies 
iil 
WE[J] = Np(det.A)~? exp Ee [aie d‘rp J(z_)A~* (ap, tz) J (ze) 


(12.46) 


We need the inverse of the “continuous matrix” A(z‘, x) and (apparently) also 
the determinant det A. Fortunately the latter does not need to be calculated 
after all. Instead we can rely on the normalization condition for the vacuum 
amplitude in the absence of the external perturbation J 


2 
Ng [re exp -F [atoe (FoF oor + sme 
Ng (det A)~? . (12.47) 


Therefore Ng = (det.A)~? so that the factor in front of the exponential 
function in (12.46) drops out. This is very favourable since an attempt to 
evaluate det A would have led to a divergent result. 
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This can be shown with the help of a Fourier transformation. We have to evaluate 


dla Se (12.48) 


where A(z’,x) now is a continuous matrix. Let f(A) be an arbitrary function of 
such a matrix that can be expressed in terms of a power series: 


a (12.49) 
Written out in components (for simplicity we consider only one dimension) this is 
to be understood as 


Ce ye — cp er Ale 2) co [oo A(a’,a1)A(a1,2) +... (12.50) 


+n [ox Pedenei ae way Ap goa Aes), oe 


If the matrix A(a', x) depends only on the difference of coordinates x’ — x, as is the 
case for (12.44), the Fourier transform is given by 
idk —ik(x'!—2 
A(z’, x) = ee er =) Atk), (12.51) 
20 
As an example, the second-order term in this expansion becomes in momentum 
space (12.50) 


dk’ dk ik! (a'—a —ik(z,—-< 
fan AGT \A 2) [ox /<¢ ae be eu ieee ) A(k’) A(k) 
a dk ~ik(«'—2) 2 
= iE e (A(k))°. (12.52) 


Clearly the general term of nth order contains delta functions from the n — 1 inte- 
grations over x, each of which cancels a k integration, leading to 


[ow wee Ae cet, ie) /z eo Ah : (12.53) 
T 
Therefore any function f(A) satisfies 
1 dk ~ik(a'—2 
Ayla!) = [EM (a0). (12.54) 


The notation f(A)(zx’,z) has been intentionally chosen, in order to emphasize that 
first the function of the matrix A has to be formed for which subsequently the 
“components” at x’ and x have to be taken. Keeping this in mind, of course, we 
could also have used the more conventional notation f(A(z’,2)). 

In our case (using euclidian four vectors) the Fourier transform is given by 


A(pe) = - (pp +m?) , (12.55) 


which is immediately verified by applying the differential operator (12.44) to the 
Fourier representation of the delta function: 


; 1 A d‘pp ‘ ! 
AGren) = 5 (igen + m’) lo& exp [-ipe -(tE- zp)/h| 
d‘pp : ' i ae 2 


The trace from (12.48) then reads, with the help of (12.54) 
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Tr in Ar [ive (InA)(tE,2E) = [oe [oe In(=(Pe +m*)) » (1257) 


As announced this is a divergent result. 

The same conclusion can be reached even faster, albeit less rigorously, by consid- 
ering the He Le une as the product of all the eigenvalues of a matrix. ae differen- 
tial operator ; - (— h? On +m *) from (12.44) has the eigenvalues Xp_, = + (pa +m a 
the eigenfunctions being the plane waves. Since the spectrum forms 5 continuum, 
the determinant is clearly given by a divergent infinite product 


det A = le = (pp am m”) : (12.58) 
PE 


Fortunately the pathology of det A has no negative consequences as it is 
a constant factor, i.e., it does not depend on J, and gets eliminated by the 
normalization condition (12.47). We are left with 


ial = 
WE[J] = exp E 72 rae d‘rp J(ap)A (ae, 2H) J (ze)! . (12°59) 
The inverse of the matrix A(x, 2m) from (12.44) is defined by 
[aive Aq (2, tn) A(ap, tp) = 6*(c_ — Zp) - (12.60) 


In momentum space A(pp) is a multiplication operator and its inverse is given 
by 


h 
(PE) = = 5 12.61 
which in coordinate space amounts to 
d* pg 
—ly,.! = 
A (absme) = fees nyt ° exp|-i ipe «(ap —e)/h] - =—— sa (12.62) 


This clearly satisfies (12.60). Because of the translational invariance of the 
theory, A and A~! depend only on the difference of coordinates rp — rE. 
Now we define the function 


; ‘ies 
Ab(t_—7E) := 5A (tp, 28) 


dP 1 
= lax exp |-ipe e (rE a= zp)/h| Age : (12.63) 


This is the euclidian Feynman propagator of a massive spin-0 field. The func- 
tion AE(z}, — zp) solves the euclidian version of the Klein-Gordon equation 
with a delta-function inhomogeneity, 


(—f? Op +m?) AE (ah — zp) = 6*(xp — ap) , (12.64) 


as a propagator should do. The function is uniquely defined by the Fourier 
integral: because of the euclidian metric p?, is a positive definite quadratic form 
on the real axis. The integrand in (12.62) has poles at imaginary frequencies 
py = +i\/p? + m?, which are not approached when integrating along the real 
Pq axis. 

This problem emerges, however, if we perform the analytic continuation 
going back to the Minkowski time coordinate. According to the Wick-rotation 
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prescription & = izg, the analytically continued Feynman propagator is given 
by 


E /; d*p i; kg. 
Ar (i(t9—-20),2'-2) = feast exp 7 (p¥i(zy — 20) + pe: (a! — x))| 
y il 
Prat pit m? ’ 


(12.65) 
Putting po = ipg, and substituting pp — —p we obtain (cf. (12.28)) 


AB (le) —0),2'-2) = 1 {EP oxp (Poles — 20) — (a! -2))| 


= iAp(2’—- 2). (12.66) 


Thus we have recovered the Feynman propagator Ar, by analytic continuation 
on Ae 


The integration contour for po is uniquely fixed, going from —ioo to +io0. 
Accoding to the theorem of residues it can be deformed to the real axis if the 
poles pp = +\/p* + m? are circumvented using the contour Cr depicted in 
Fig. 12.4. As we know, an equivalent prescription shifts the poles by attaching 
a small negative imaginary part to the mass (cf. Sect. 4.5): 

d* 1 
Thus the euclidian formulation automatically has lead us to the propagator 
that satisfies the correct boundary conditions! Working in Minkowski coor- 
dinates throughout, we would not have known without further deliberation 
which of the various Green’s functions of the Klein—Gordon operator is to be 
used to construct the inverse A~!(z’, 2). 

We finally note that the correct Feynman propagator (12.67) can also be 
obtained avoiding the Wick rotation if a convergence factor is built into the 
path integral, as described at the end of the last chapter: 

i 


hi? ae IG 
Wo[J] = N [De exp E [es (F200 b- sme + Jo+ sico?) 
(12.68) 


This is just what happens if the mass m is given a small negative imaginary 
part. 

We also should stress that the above calculation has confirmed that the 
Wick rotation is admissible at least for noninteracting scalar fields. No singu- 
larities in the complex time plane were encountered and the analytic contin- 
uation could be performed without problems. 

The final result of our calculation is an explicit expression for the vacuum 
functional of the noninteracting Klein-Gordon field obtained from (12.59): 
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Fig. 12.4. 

Transition from the euclid- 
ian contour to the Feyn- 
man contour for the Feyn- 
man propagator Ap 
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NN eee 


Wo[J] = exp I-53 [aic'ate J(z')Ap(x' — 2) J(x)| . (12.69) 


12.4 Generating Functional and Green’s Function 


The vacuum functional W[J] constitutes a very important instrument for 
the study of quantum field theories. Indeed, the knowledge of the functional 
W{J] allows one to calculate all the Green’s functions of a theory, i.e., the 
vacuum expectation values of the time-ordered products of field operators, in 
the language of canonical quantization. As in Sect. 9.4 we define the n-point 
Green’s function 


GO) (a1, ...,2n) = (0| T(b(21) ---4(2n)) [0) - (12.70) 


As in (11.89) the functions G‘”) can be obtained by forming functional deriva- 
tives of the vacuum functional with respect to the source, taken at J = 0: 


2s he é°W{ J] 
CD Gia (7) To ICR) ee (12.71) 


Therefore W[J] is the generating functional for the Green’s functions. This 
name generalizes the notion of a generating function, which one encounters in 
several branches of mathematics, for example, in connection with the ortho- 
gonal polynomials. For a function F'(yi,...,yn) of N variables the Taylor 
expansion at the point y = 0 reads 
fore) i N N 
GE ee ery) oo ie S ao6 Ss Ek, ey es BO es. (12.72) 
n=0 ky=1 snl 
with 
OF (y) 


Sc 1) ree a 


(12.73) 


y=0 


Here F(y) is the generating function for the infinite set of coefficients of the 
Taylor series P,(k1,...,kn). Generalizing this to the continuous case k; — z, 
Dz, ~ fa*e we are lead to 


W(J) = Sy fater... faten = (=) GOV (ay,...,2") T(t) ++ Fea) 


n=0 
(2.74) 
in keeping with (12.71). Clearly, if the vacuum functional W[J] is known ex- 
actly, the functions G() (Z1,...,2%n) can be obtained by forming derivatives. 


The Green’s functions are the coefficients of the Volterra series of the func- 
tional W[J]. Of course this is helpful only if the functional W[J] is known, 
for which usually only approximations are available. In particular, for theories 
involving a very weak or very strong coupling, a perturbation expansion with 
respect to the coupling constant or its inverse makes sense. 


12.4 Generating Functional and Green’s Function 


A closed expression for the vacuum functional can be given only for the 
noninteracting theory (see (12.69)). From this, the free n-point Green’s func- 
tions are obtained immediately: 


: hy” 6° Wold 
C8 (ar,---r20) = (F) _ Wold] 
i 6J(%1)+--6F (an) 
where the index 0 signals the absence of interactions. Since we have at our 
disposal an explicit expression for Wo[J], (12.69), the n-point functions Ge 


are easily obtained by successively forming functional derivatives. The first 
differentiation of (12.69) leads to 


Taos = : (5) 2 [ax (2) e(e- 2)| exp (-50, Ard) 
(12.76) 


where the symmetry property Ap(x — y) = Ar(y — x) was used, leading to a 
factor of two. In the exponent we used the abbreviation 


(12.75) 


? 
J=0 


Ch Ard) = [irate Jr) An (=n) Jn) (12220) 


The result (12.76) shows that there is no such thing as a “one-point Green’s 


function” G) (21) since the factor in the square brackets in (12.76) vanishes 
ia — (le 


a), — & dWolJ] 
ae st eae 


A further differentiation of (12.76) leads to 


(3) srtanattan 


= -F [ae (es Hae : [at I(x) Ap(a — 21) | d*2 I(x) Ap(x — 22) 


(12.78) 


Xx exp ae: FAVED (12.79) 
2h 

Since the first term does not depend on J we obtain a nonvanishing result for 

the free two-point Green’s function: 


n\? 82 Wl] 
G?) (x1, 22) = @ 5I (es) 6a) 


1 
Thus up to a constant factor the two-point function is identical to the Feyn- 
man propagator. 

All the free Green’s functions of higher order can be obtained by elemen- 
tary, albeit increasingly tedious, forming of derivatives. Without working this 
out in detail we can make a general observation: the result vanishes for odd n 
values. In this case, because of the quadratic J dependence in the exponent, 
one obtains an odd polynomial in J, which vanishes when we take the limit 
J = 0 (see also Exercise 11.3c). 


= ih Ap(ay = £2) 6 (12.80) 
J=0 
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Now we perform the next two steps in the calculation. Functional differ- 
entiation of (12.79) with respect to J(a,) produces (we replace 41 — £2, 
diy =e 23) 


ANe bWo[J] _ h fat ee _ 
(3) ssensresaren = [348 2) [d*x J(x)Ap (x ~ 23) 


h : 
+ 7 Arla —23) |d*x J(z)Ap(z — 22) 


+ "Apa —23) {/d*z J(x)Ar(x — fe) 
- [ate I(x) Ap(a ~ 21) | d*z I(x) Ap(x — £2) d‘z J(x)Ar(z — 23) 


Ven (-50 Ard) | (12.81) 


Since (12.81) vanishes for J = 0 there is no free three-point Green’s function, 
in agreement with the general rule: 


3) ii 53 Wol[J] - 
et (ite) = (;) SIGN ua a = 0h (12.82) 


1 
The next nontrivial Green’s function is the four-point function, which is ob- 
tained by differentiating (12.81). We give only the result obtained in the limit 
== 0: 


G (x1, 22,03, £4) =a) [Ar (er — £2)Ar(x3 — 24) 
+ Ap(a1 — £3) Ar(x2 — £4) 
AT (Gea Ape 3)| (12.83) 


Results like (12.80) and (12.83) are conveniently represented in the language 
of Feynman graphs. Each of the popagator factors iiAp(z; — x;) is translated 
into a line having end points xz; and z;. Equations (12.80) and (12.83) then 
have the following graphical representations: 


Gu (x ’ r2) = 8,22) (12.84a) 
Gg) a vy xr2 21 x2 ry x2 
0 (21, %2, 23,04) ae | i ee) 


Intuitively this corresponds to the free propagation of one (12.84a) or two 
(12.84b) free particles between the given space-time points z2;. The presence 
of three terms for the four-point function clearly has its origin in the fact that 
the particles are indistinguishable, leading to exchange graphs. 

By inspection of (12.84b) the general building principle for higher-order 
Green’s functions becomes clear: the free 2n-point function ee consists of 
products of n disjoint two-point Green’s functions (Feynman progagators) 


Ge) (23,23): 
Ge Ge So) Tig) z= y ee (re, ) Lk) ite Ge! ign ’ Tkon ) : (12.85) 


Permut. 
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The sum over the permutations of the end points x, is to be formed in such 
a way that each pair (z;,x;) enters only once and the pairs are ordered, 
1 > 7, to avoid double counting. When we change from Ce to ae the 
number of possible decompositions into pairs grows by a factor of 2n — 1 
(because x, can be combined with (2n — 1) other coordinates, which leaves 
(2n — 2) coordinates that are to be combined). Therefore the number of terms 
in (12.85) is (2n — 1)!!=1x3x5--- x (2n — 1): for example, Ge contains 
5!! = 15 terms. 

We note that the result will depend only on the distances x; — x;, which 
is a consequence of the translation invariance of the theory. 

The Green’s functions of higher order, which are defined by (12.70) or 
(12.71) for free fields are rather redundant. Since the particles pass each other 
without interacting everything can be expressed by simple combinations of 
single-particle propagators Ge (x,x'). There is a convenient way to eliminate 
trivial contributions of this type by introducing a modified generating func- 
tional Z| J] for irreducible Green’s functions. It is defined as the logarithm of 
the functional W[J] according to 


wig] = en 241 | (12.86) 


Because of W[0] = 1 the new functional satisfies the normalization condition 
Z(0] = 0. This new functional is used to define a new type of Green’s function 


Gai. Pee |e 


179) = ps [otos... foto % (FE) GEM eas... 80) Jan)“ Ten 


(12.87) 
as in (12.74). The coefficient functions according to (12.71) are given by 


: (2) at 


The q@) are called connected n-point functions. 

We will later confirm by an explicit calculation that the functions Gt 
are represented by Feynman graphs for which all of the n external legs are 
connected among each other in a more or less complicated manner. There are 
no “reducible” contributions that can be split into independent factors as in 
(12.84b). 

For free fields this property of course can be seen immediately. Because of 
(12.69), the irreducible generating functional is simply given by 


(12.88) 


f0) 


aie -; | dta'dts J(a!\Ap(2’ — 2)J (a) (12.89) 
so that 
; RY 6 Zol J oi 
Ge aie) = @ OE = ihAp(21 —22) = a May — £2) (12.90) 


: 2 
Since (12.84a) is a connected graph the two Green’s functions Gg?) and Co 
coincide in this case. It turns out that this remains true also in the interacting 
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case. The free n-point functions CN oo higher order, however, differ drasti- 
cally from Ge ), they all vanish. Since Z[J] is bilinear in J there simply are 
no derivatives of order n > 2. This corresponds to the elementary fact that 
(barring interactions!) it is not possible to draw connected graphs with more 
than two external legs. 


12.5 Generating Functional for Interacting Fields 


The calculations presented in the last section were clean and easy, but they did 
not produce insights of much consequence since no interactions were admitted. 
Now the discussion will be extended to interacting systems, starting with the 
example of a self-interacting scalar field ¢. The interaction will be described 
by a local potential function V(¢) multiplied by a coupling constant g which 
serves for bookkeeping purposes. The full Lagrangian of the system is given 
by 


ye i] 
L= £34 fx = znd Orb — gee —9V(¢). (12-91) 


The interacting generating functional according to (12.19) is given by 


N [ve exp E [ee (Lo + Lint + 72)| (12.92) 


Nn [De es |-; fareavia) ao F [2*2(co+ 30) . 


In the second line the interaction term was split off as a separate factor. If 
it were not for this factor the expression (12.92) would agree with the gen- 
erating functional for free fields Wo[J], the explicit form of which is known 
from (12.69). The offending part is the ¢ dependence contained in the inter- 
action term, which prevents us from putting the factor exp [—} fd*z gV(4)| 
before the integral. Using a familiar trick, however, it is possible to do this 
nevertheless! Proceeding as we did when extracting the n-point function from 
the generating functional we replace the field ¢ by a (functional) differential 
operator with respect to the source J(z): 


a oe F [ote (eo + 14)| = £4(2) exp E i da! (Lo + 12)| , 
(12.93) 


The auxiliary variable J had been introduced just to make transformations 
of this kind possible. Although the ¢ dependence of the first factor in (12.92) 
is quite involved, nothing prevents us from replacing ¢ by the functional- 
derivative operator 
Lao 

t) - ~=> 

de) i 6J(x) 

wherever it enters. Now we assume that the differentiation with respect to the 

parameter J can be interchanged with the functional integration and pull the 


whole interaction term before the integral. Then the interacting generating 
functional becomes 


WIJ] 


(12.94) 
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W[J] = Nexp|-= [ats WV (Far) | Mol (12.95) 


The normalization factor, which does not depend on J, is determined as in 
(11.85) such that W[0] = 1 holds: 


ese [- = [ete W(t) WolJ] =. 


Equation (12.95) saves us from the need to evaluate the full path integral 
(12.92) of the interacting theory, which we could not have achieved any- 
way since we know only how to do Gaussian integrals. As compensation, 
(12.95) contains a complicated combination of functional derivatives. Fortu- 
nately there is a systematic way to find approximate solutions. If the expo- 
nential function is expanded into its power series the perturbation series for 
the generating functional is obtained. This leads to an expansion with respect 
to powers of the interaction strength g. Let us write this series in the form 


W[J] = Wo[J] (1 + gui[J] + g?we[J] +...) . (12.97) 


The relation of the expansion coefficients w [J], w2[J],... to the terms of the 
Taylor expansion in (12.95) is slightly involved. One has to take into account 
that because of the the normalization condition W[0] = 1, the normalization 
factor (12.96) also depends on the coupling constant g (but not on J). We 
define a set of functionals u,[J] through 


exp -; fos gV (F2)| WolJ] 


(12.96) 


= Wo{J] (a + gui[J] + g?u2[J] + geus(J] +.. .) : (12.98) 
From the Taylor expansion of the exponential function one learns that 
hoé 
Pavia = > fats v(- 4 Wold] ; (12.99a) 
-i hé 
u[J] = Wo [J] = alt > fatcv( *<)| = fav Gs)| Wold], 
(12.99b) 


etc. To obtain the power-series representation of the generating functional 
WJ] the division of two series has to be performed: 


1 + gui[J] + 9? uelJ] + g°us[J] + 
1 + gu; [0] + g?u2[0] + g?u3[0] + .. 
This will result in the coefficient functionals w,|J] defined in the series expan- 
sion (12.97). In higher orders the connection between the two sets of coefficient 
functionals ug[J] and w,[J] is quite involved (see Exercise 12.2). Going up to 
the second order we have 
wi[J] ui(J] — v0] , (27101) 
we[J] (u2[J] — u2[0]) — (wi[J] — ui [0]) w1[0] - Coon) 
The power series in the denominator of (12.100) thus appears to lead to annoy- 
ing complications in the perturbation series. As we will see in Example 12.4, 


W[J] = WolJ] (12.100) 
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however, these extra terms have the beneficial consequence of cancelling the 
unphysical (and divergent!) contributions of unconnected “vacuum bubbles”. 


KER: —— 


12.2 Series Expansion of the Generating Functional 


Problem. (a) Express the coefficients w,{J] in the series expansion (12.97) 
of the generating functional W[J] in terms of the coefficients u,[J] in (12.98), 
and give explicit expressions up to the third order. 

(b) Find the corresponding series expansion for the generating functional Z[J] 
of the connected Green’s functions. 


Solution. (a) We have to perform a division of two power series, cf. (12.100). 
Written in a general way the coefficients c, have to be determined for which 


CoO 

SP Ge eos 

k=0 

So = ee (1) 
oe a 
k=0 


Moving the denominator to the right-hand side and performing the multipli- 
cation, we see that the coefficients satisfy 


k 
ap = So lyn ACR 0 (2) 
1=0 


This is a recursion relation which allows for the successive evaluation of the 
c;. Starting with ap = bo = 1 we obtain 


@ = 1, 

qQ = ay by, 

Qo = th ls Sa = i 

C3. = 3 — b3 — (a2 — bo)b, + (a1 — bi) (b? — bp) , 


(3) 
We remark that it is also possible to give a closed expression for the coefficients 
in terms of an n x n determinant. 


by — aj il 0 sans 0 
bo == (hp by 1 sae 0 
eo (eee ee (4) 
| bn — an Deal 9) er by 
For the series expansion of the generating functional 
W([J] = Wo[J] (1+ gui[J] + g?we[J] +...) , (5) 


“ See e.g. LS. Gradshteyn, I.M. Ryzhik: Table of Integrals, Series, and Products 
(Academic Press, New York 1965). 
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equation (3) implies 


wilJ] = w[J] —u[0}, (6a) 
walJ] =  (wa[J] ~ u2[0]) — (ual J] — wi [0]) 1 (0] , (6b) 
ws[J] = (us[J] — us[0]) — (we[J] — u2[0]) 1 [0] 

+ (ui [J] — v1 [0]) (wZ[0] — u2[0}) , (6c) 


We note that all terms contain factors of the type uz [J] — ux[0]. This implies 
w,[0] = 0, thus ensuring that the normalization condition W [0] = W[0] = 1 
is met. 


(b) The generating functional for connected Green’s functions 

i 

7521 =In W{[J] (7) 
can be expanded into a power series according to 

Z[J] = Zol[J] + gulJ] + gzof J] +... . (8) 


The expansion coefficients z,[J] can be obtained from (5) and (7) by employ- 
ing the Taylor expansion of the logarithm: 


+ ZI} = In W[J] =n Wo[J] +In(1 + 9 wilJ] + g?we[J] + g2ws[J] +.. .) 
= In Wo[J] + (9 wild] + g? wel] + gows[J] +.. ) (9) 


—F (guild) + gual] +...)? +5 (gurl +.) +o... 


For the first three coefficients of the power series of i Z[J] we find 


tn[J] See (10a) 
zl] = wold] -ZuilJ], (10b) 
=2s[J] = ws] — wal Jpor{J] + 5 2l], (10c) 


Everything can be expressed in terms of u,|[J] if the relations (6) are inserted. 

In Example 12.4 we demonstrate, for z2[J] calculated within the ¢* theory, 
how the subtraction of —4w?[J] in (10b) serves to cancel the contributions of 
nonconnected graphs. 


REISE [ee 
12.3 A Differential Equation for W[J] 


Problem. The generating functional W[J] of the scalar field theory with 
self-interaction satisfies the following linear functional differential equation: 
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h 6W [J] i 

~ (h? — Ly W[J WJ]. 1 

© (RP +m?) ra — Chae Tazeay) WH = Je) WII (1) 
Here Li, denotes the derivative of the interaction Lagrange density with re- 


spect to its argument. This differential equation can be used to deduce prop- 
erties of W[J] without taking recourse to the path-integral representation.” 
(a) Prove the validity of (1) with the help of the path-integral representation 
of W{[J]. 

(b) Show that (1) leads to the well-known free generating functional Wo[J] 
in the limit of vanishing interaction Lint = 0: 

(c) Show that the differential equation (1) in the general case is solved by 


W[J] = Nexp E [etotn(Pe5)| Wold] - (2) 


Solution. (a) We start from the path-integral representation of the generat- 
ing functional 


WJ] = Nn [D0 er Al J] (3) 
with the derivative 

spa xAld, J] 

Fae VUIRN [06 o(@) eA. (4) 
Here A[@, J] denotes the action integral (including the source term) 

A[é, J] = fate (Lo te og ce J) (5) 


with the free action 
il 1 
[ate L£Lo(¢) = [ate 5 (h?0,,¢60"d — m7") = - fate 5? (nh? O +m?) ¢.(6) 
Now the Klein—Gordon operator is applied to (4): 


héw| —el 

i 6J(a 
We notice that a to (6) the Klein-Gordon operator also stands in the 
exponent of (7). Therefore the factor (h? 0 +m”)¢(x) can be replaced by a 
differentiation 6/6¢(a) according to the identity 

Ah 6 ial J] bA[d, J] i ald, J] 

-—— eh ’ a ————- eh ? 

i 56(2) 59(a) 2 


(h? +m?) = =N [D0 ( (h? O+m?) g onl J] (7) 


(—(H? 0 +m?)4(x) + Line(b(2)) + J(a)) en AS JT 


Therefore (7) can be written as 
(P D4?) 5 TaN [D0 (—F aa + Lilla) + 1Ga)) ek ALO J) 
(9) 


®° K. Symanzik: Z. Naturforsch. 9a, 809 (1954). 


12.5 Generating Functional for Interacting Fields 


The first term on the right-hand side represents a total derivative. Upon inte- 


gration over D¢ this leads only to “surface terms”, which we shall disregard 


as usual: 
(hk? +m?) — ua 


i 6J(2) 


The factor in the nan can be pulled before the integral provided that (x) 
is replaced by the functional derivative operator (f/i)6/6J(x) which acts on 
the exponential function. The remain integral is just the original generating 
functional W{J]. This proves the differential equation (1). 


paN [D9 (c ‘n($) + J(a) orld J, (10) 


(b) The free generating functional satisfies the differential equation 


ho 2, SWolJ] 

(hi O +m") aie > J(x) Wo[J] . up) 
The Klein—Gordon operator can be inverted with the help of the propagator 
Ar: 


a = (Om?) I(x) Wold] 
= = fate’ Aislin 5) aa A (12) 
This functional differential equation is solved by an exponential function, 
Wold] =e (— 75 ftedte' J(a) Area) J(e')) , (13) 


where the integration constant was fixed from the normalization condition 
W [0] = 1. This result agrees with the solution found in Sect.12.3. 


(c) To prove the assertion, (2) has to be inserted into the differential equation 
(1). On the left-hand side the factor 


exp Ge Ln (F 75) = 0 (14) 


can be moved to the front. e? can be written as a power series of the derivative 
operator 6/5J(x). Because 


lager | =e (15) 
bJ(x)  6J(y) 

each term in the series commutes with the derivative operators that stand in 
front of W[J]. Similarly e° also commutes with the Klein-Gordon operator 
(which contains only ordinary instead of functional derivatives). Therefore the 
left-hand side of (1) reads 


a (Fue D +m?) — Cn (Fs) wal 


= © (J(2) Lin (F575) ) WO (16) 


Here the differential equation (11) for the free generating functional Wo[J] 
has been used. 
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The treatment of the right-hand side of (1), J(z)e? Wo[,J], is a bit trickier 
since the operator O contains derivatives that do not commute with J(x). We 
will show that the ensuing commutator produces the second term in (16)> For 
this we first write Lint aS a pOwer series: 


bine a) = D Cn (Fam) : (17) 


The commutator of each term of this series with J(x) can be easily found 
with the help of the identity (see, e.g., (2.29)) 


lait , J(e) = 6'(e—y). (18) 


For example, we obtain for n = 2 


(sa) 2] = aay baa) + bare 7 ar 


264(x — y) sit (19) 


lI 


The general result reads, 


Gq) 10] =e a)” ® 


as one can easily prove using complete induction. With the series expansion 
(17) the following commutator is obtained: 


[6, 7)] | [atv lin (F apy): 1(a)| 
[ay de ( Tay) To) 
fev? M(e-y ) Laer aa a 


= an Cae y) y) 


What we need is not (21) but rather the commutator of the exponential 
function of O with J(x). Here the following operator identity is helpful: 


ee ee ee ee 
Bua ap B 
Ae® =e"Ate [A, B]+ Se" [[A, B], B]+.... (22) 


This is a version of the Baker-Campbell—Hausdorff relation treated in Sect. 
1.3. Fortunately in our case the double commutator vanishes and the series 
in (22) terminates since B = O as well as [A, B] = [J(z), O] contain only 
derivative operators 6/6J that commute among each other according to (15). 
Using (21) and (22) we find the right-hand side of (1) becomes 


I(z)W[J] = F(x) ee WolJ] 


ee (412) - Fin Faz) | Wold]. (23) 


12.6 Green’s Functions in Momentum Space 


This agrees with the left-hand side given by (14), thus proving that ©? WolJ] 
satisfies the differential equation for the generating functional W[J] of the 
interacting theory. 


12.6 Green’s Functions in Momentum Space 


When describing scattering processes it is often advantageous to work in mo- 
mentum space. Accordingly we will now introduce the n-point Green’s func- 
tion in momentum space G\™ (p1,..., Pn), which is defined through a Fourier 
transformation. A little care is required since this function is overdetermined 
when expressed in terms of the set of momentum variables p; to p,;. As a con- 
sequence of translation invariance the total momentum is conserved in any 
process, thus putting a constraint on the n momentum variables. Therefore it 
is reasonable to define the momentum-space Green’s function as follows: 


hi 4 
GO (p,..-, pn) (=) O*(p1 + ...+ Dn) 
Tv 


= feta, ve |e eee CMe), (12.102) 


i.e., to split off the momentum-conserving delta function. Since space-time is 
homogeneous, G‘”)(z;,...,@n) will not depend on the absolute values of the 
coordinates but only on distances x; — 2;. 

Let us evaluated the free two-point and four-point functions in momentum 
space from (12.80) and (12.83). Going to center-of-mass and relative coordi- 
nates 


Z=%1—7 ) p = 3(~1 — pe) ) 


(12.103) 
Ne Ti to) — i: Pa ; 


we find that the Fourier transform of Gg?) (21, £2) = ihAp(x, — x2) becomes 


fates d*z. ei(p1-21t+p2-22)/h G?) (x1, 2) 


as ( fatxerrx”) (ice inde(x) 


= (20h)*6*(P) iAp(p) . (12.104) 


As expected the free two-point Green’s function in momentum space is just 
the Fourier-transformed Feynman propagator: 


GS (p, —p) = ihAr(p) . (12.105) 


The minus sign in the second momentum argument arises from the fact that 
the two arguments are treated equally. All momenta are considered to enter 
the graph and they must sum to zero. 

The calculation for GM (2), 22, £3, 24) is very similar. Since (12.83) de- 
pends on coordinate differences 1; — x;, transformations of the type (12.103) 
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can be applied to each pair of coordinates and the integrals factorize. For 
example the first term in (12.83) leads to the Fourier transform 


[sisvateatasdtes Ar(21 = £2) Ap (x3 = r4) (12.106) 


= (2rh)*6* (pi =f p2) (2rh)*5* (ps ck pa) Ar (F(r1 =a p2)) Ag (4 (p3 = pa)) . 
Momentum conservation has lead to py = —p; and p4 = —p3 separately since 
the particles do not interact. The other terms contributing to Go differ by 
permutations of the end points. The same delta function expressing conserva- 
tion of total momentum can be extracted from all three graphs by using the 
identity 6(x)5(y) =6(x + y) 6(2 — y). This leads to the free four-point Green’s 
function in momentum space defined according to (12.102): 


GS” (p1, pa, Pa, Pa) (12.107) 
= (ih)? | (2mh)*64(p1 + pe — ps — pa) Ar (3 (Pr — P2)) Ar (3 (3 — Pa) 
+ (2nh)*54*(~1 + ps — pa — ps) Ar (4(p1 — ps)) Ar (5 (p2 — pa)) 
+ (2rh)*64(p1 + pa — po — ps) Ar ($(p1 — pa)) Ar ($(p2 — ps) |- 


This result is valid under the constraint p; + p2 + p3 + ps = 0. Of course, 
also the connected Green’s functions G.(%1,...,%n) can be transformed into 
momentum space and (12.102) holds also for them. 


RANE 


12.4 The Perturbation Series for the ¢4 Theory 


To gain acquaintance with functional techniques one has to carry out practical 
calculations. Complications arising from the presence of several coupled fields 
can be avoided if one studies a self-interacting field theory. As an example we 
will study the ¢* model, which is defined by the Lagrangian 


h? 
ES ae GONG — mg? SN) (1) 
with the interaction term 
gV (4) = 4¢*. (2) 


Al 
We have studied this theory already in the canonical-quantization framework 
(Sects. 8.7 and 9.4). 
Let us explicitely evaluate the generating functional W[J] and the two- 
point and four-point Green’s functions in first-order perturbation theory. For 
this, according to (12.99), we need the functional 


[J] = oe * fatov (Fe) | wot 


- wun foe) (Gia) min 


12.6 Green’s Functions in Momentum Space 

where the free generating functional Wo[J] is known analytically: 
Wo|J] = exp = i d*yd4z J(y)Ap(y — 1(2)| = exp - Ar J)| .(4) 
A similar calculation was needed for the free Green’s functions (12.4)), with 
the exception that the derivatives with respect to J (v;) had differing ar- 


guments x;. The calculation is elementary, just making repeated use of the 
product and chain rules of differentiation. For the first derivative we obtain 


el exp a, Ar J) exp| (5) 


= [ay De GE aianiexp a ApJ) exp| | 


The second derivative is given by 


( - — ae -aU ApJ) exp] (6) 


- 7.46 (0) + (ory An ne) exp |-sae7) exp] 


and the third derivative is 


(tots) exe |-F(4.4eJ) exp] 


; * A6(0 [as Ara = a) Jy) — (ory Ar (x =u) 


x exp - Ar J) exp| : (7) 


Finally the fourth derivative becomes 
pao ee i 
~ —~—(J, ApJ 
Go exp | apt OF )exp| 


= (2) (Ar(0))* - 6= Ar(0) (ety Ar (a — nt) 


+ (foty Ane — nso) | exp RO Ar J) exp| ; (8) 


2D) 


These formulas can be made more intuitive by introducing a graphic notation. 
As usual each Feynman propagator Ar(z — y) is represented by a line =—,. 
Furthermore the source terms J(xz) are represented by line endings according 
to e—— . Table 12.1 shows the abbreviations used. Suitable powers of i and 
hi have been included to simplify the equations written in graphical form. 


Note that each vertex with 4 lines and each source term e—— _ has 
its own coordinate value x attached and that an integration fd‘z over all 
coordinates is implied. In the compact graphical notation the functional (3) 
reads 
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Example 12.4 Table 12.1. Graphical translation rules for the ¢* theory. 


Propagator inAr(« — y) 
Loop ihAp(0) 


¢* interaction -i deg, >< 


ni=3(sOC +64) (9) 


There are terms quadratic and quartic in J and the constant term . As 
mentioned already in Sect. 12.5 the normalization of the generating unctional 
to W[0] = 1 leads to the cancellation of contributions from unconnected 
vacuum bubbles.® Within first-order perturbation theory we have 

1+ gus[J] + O(9’) 

1+ guy(0] + O(g?) 
= (1+ 9(u[J] - u:[0]) +...) WolJ]. (10) 
The normalization term u[0] contains only the vacuum graphs since the im- 


position of J = 0 eliminates the line endings. Therefore the the generating 
functional in first order has the following graphical representation 


win= fie $ (Qa dX) +], (Gln) 


or, once again using the explicit notation 


WIJ] WolJ] 


W[J| = f < -4 ate(cinn(0) atun dt Ap(a — yi) Ap(a — yo) J (yr) J(y2) 


42 [aina'vedtnedtys Ar(z — y1)Ag(@ — y2) Ar(x — y3)Ar(x — ys) 


1 
2h 
Now the Green’s functions of the interacting theory in first-order perturbation 


theory can be evaluated. The two-point function G(x1,22) is given as the 
second-order functional derivative of (12): 


G(e1,%2) = (7) Teva) 


x Hy) Ive) Jas) J(u) +...) | exp [3.0 Ae} . (12) 


(13) 


=O) 


® Within the canonical formalism the cancellation of unconnected graphs was dis- 
cussed in Exercise 8.3. Strictly speaking one should admit that this is more of a 
formal manipulation since the normalization factor VV is a divergent expression. 
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The functional derivatives can be conveniently performed by using the graph- 
ical notation. Differentiating with respec to J(x;) simply amounts to the re- 


placement of a line ending by an open (external) line which carries the coor- 
dinate index z;: 


h 6 
16T@) 


For the remainder of the calculation, only the product and chain rules are 
needed. The first derivative of the functional (11) becomes 


h 6 oe 
i 6 (21) re 


[Bas +4.dX) + (42+) fo 


Each of the terms contains at least one end point -— (which corresponds to 
a factor J(x)) so that the one-point Green’s function does not exist, because 
(15) vanishes in the limiting case J +0. The second derivative of W[J] already 
looks rather complex. In graphical notation it is 


q) Teer"! = 


zy za cal v2 


+f, 122 + plo ae gO. Zi £2 


+4. a ere 4 


In the limit J—0 only two terms remain. The two-point Green’s function of 
the ¢* theory according to (13) in first-order perturbation theory is 


1 
G) (21,22) = eae BO: O(g’) , (17) 


or written explicitly 
G)(¢1,02) = ihAp(a — 22) (18) 
— 5 Hg Ar(0) ie Arp(a1 - x) Ar (ax —@2)+ O(g") é 
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The influence of the interaction on the Green’s function in lowest order con- 


sists in the appearance of the loop graph om (the tadpole graph). Since 
Ar(0) is a singular expression this correction is divergent. This is a problem 
regularly encountered in field theory and it is remedied by the renormalization 
procedure. To be specific, corrections to G) (4,22) lead to a mass renormal- 
ization of the boson field. 


Remark on the tadpole graph: In the canonical quantization formalism there 
was a simple way to exclude graphs with loops containing a single vertex, 1.e., 
the normal-ordering prescription applied to the interaction operator. These 
contributions, however, can also be kept and dealt with later at the stage of 
mass renormalization. 


The evaluation of the four-point Green’s function 


n\* 54 

: Meee ley 
is rather laborious. The next differentiation step of (16) already produced 
30 different terms and this number gets inflated even more when the fourth 
derivative is formed. Fortunately we are only interested in those contributions 
that survive in the limit J — 0, i.e., that do not contain any line endings 
o—— . Thus the interesting terms in the third derivative are those which 
contain exacty one line ending, a condition which considerably reduces the 
number of terms to be evaluated. Furthermore we do not have to repeat 
the calculation for the noninteracting contribution (the first term in (11); cf. 
section 12.4). 


G (a1, 22,23, £4) = ( 


Let us first investigate the contribution of 208 in the generating functional 
(11). The terms of interest having one line ending at the stage of the third 
derivative are obtained by differentiating (16): 


hye 63 g 
(? w'[J] =a Al 12 LO ry ar AES TAG ANG 


+ Lene cee Ep a3 “oF Oe 
oe IO. = € 
The omitted terms contain at least two line endings, i.e., two factors J(z;). 


The step of forming the fourth derivative now is trivial. Since subsequently J 
is put to zero only the terms 


i Se ae (20) 


ne 64 . 
(7) RICCI) 


ey) 


Al E Z3Eq ait Ba e4de ait Fy e427 21 
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aires Ep eat zB Zp a4 t ar (21) 
survive. The same type of graph consisting of two disjoint parts repeatedly 
contributes with the various possible permutations of the coordinates 7;. 


The calculation of the third contribution in (11) containing the factor 
proceeds similarly. From (16) only a single term is obtained, 


() ST w"[J) = 224 2 hoes 22 
iJ 65(x1)6S(x2)6J(x3) Tl aye” er (22) 


which simply produces 


2 EG (23) 


Ly, r3° 


ae 64 fe 
(*) 6 I(x1)6I(22)5 I (x3)5 I (x4) eile ae ead! 


Collecting the results (12.84b), (21), and (23), we can write down the four- 
point function of ¢* theory in first-order perturbation theory: 


6 (ay 22,29) 04) =(— + | | + x) (24) 
rho sSed [+] pe K+ X) rox. 


The structure of this result is quite plausible. In addition to the free four- 


point function all possible propagators with a self-energy insertion . are 


encountered. In addition there is a single “true” interaction graph x : 


The numerical factors associated with the various graphs (they are called 
symmetry factors) can be deduced from combinatorial reasoning. For example, 
the factor 5 of the self-energy graphs is obtained as follows. Each of the six 
self-energy graphs in the second line of (24) contains a four-vertex connected 
to two external lines characterized by certain coordinates z;, x;. There are 
4-3 ways to connect them to the four legs of the vertex. The remaining two 
lines are connected among each other via the Feynman propagator, which 
is unambiguous. If we take into account the normalization factor associated 


with the coupling constant this consideration leads to the symmetry factor 


S = 4-3/4! = 1/2. The symmetry factor of the scattering graph x is 
S = 4!/4! = 1, because there are 4! alternative ways to connect the four 
external lines to the four legs of the vertex. 

The rules for calculating Feynman graphs derived using the functional 
method are in full agreement with our earlier results based on the canonical 
formalism obtained in Chap. 8. The perturbation expansion that resulted 
from the Dyson series and Wick’s theorem is now the outcome of repeatedly 
differentiating the vacuum functional W[J] with respect to the fictitious source 
current J. It is very gratifying to see how two completely different routes lead 
to the same goal. 


Example 12.4 


398 


12. Path Integrals in Field Theory 


Example 12.4 


The four-point function in (24) is quite messy because of the presence of 
products of disjoint two-point functions. If one considers, on the other hand, 
the connected Green’s function G4(a1, 22,13, 24) only the last term of (24) will 
contribute according to the general arguments given in Exercise 12.5. Here we 
will check this out explicitely for our example of the ¢* model in first-order 
perturbation theory. Let us take the generating functional }Z[J] = InW{[J] 
and insert the result of (11): 


+ ZL = nexp(5-—) +In E -S (OQ. x)| + O(9”) 
= — - > (6. fe x) + O(9’). (25) 


To obtain the connected four-point function according to (12.88) we have to 
form the fourth derivative with respect to J. Obviously the rule (14) produces 
only a single nonvanishing contribution: 


Ry? d*Z{J] 
G4) (a1, 22, £3,204) = (*) 6J (xy )6I(£2)6T (13 )6I (v4) 


69 K + O(9"). (26) 
The result has become as simple as this because after we take the logarithm, 
the term Wo[J] = e2°~ enters additively instead of being a multiplicative 
factor. Therefore upon differentiation the product rule does not get invoked 
and no “mixed terms” arise. 


REISE —— 


12.5 Connected Green’s Functions 


Problem. Prove the following general relation between ordinary and con- 
nected n-point Green’s functions: 


(a) GO) (x1, 22) = GY (x1, 22) , (1) 
(b) GO (linia a. oa) 
= GO (a), 22,23, 24) eC) (21, 22)G®) (23, @a) 
mere) (x1,23)G) (xo, 24) ee) (x1, 24)G) (xo, 23) , (2) 


How can this relation be extended to the case n > 4? 


Solution. (a) We insert the relation (12.86) into the definition (12.88) and 


take the derivative of the logarithm: 
( 2) &Z[ J] 7 ( ny &inW{J] 
NE AGS ONG | oa ij 6J(x1)é6J(2) 


(3) sts brine. 


G?) (11, £2) 


=O 
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as Gi Fe 6bwW bw ze a ow (3) Exercise 12.5 
i W? 63 (x1) 6S (a2) = W 6F(21)6I(@2) J a5 


Using the normalization condition for the generating functional and the fact 
that the one-point function vanishes, 


h\ 6W 
we find that both Green’s functions agree: 
h\Y &@w 
G)(- = oe) = Gi?) F 
ee) () iTa\bM ea) yao Me 


(b) Since the derivatives of the extra terms in (3) do not vanish at J = 0 the 


functions G and GS”) will not agree at higher orders of n. For the third 
derivative of the functional Z[J] we find 


i 6°77 2 bW  bW OW 
REI (a1)bI(w2)6I(as)  W3 5I (x1) 6I(a2) 5I(@s) 
1 bW &2W bW 6°W 
Ww er 5T(aa)6 (es) ” 6I(@2) dT(ai)d (as) 
bW &°W 
Sea TE ea 
il EW 
+ W SF (wsyoT(ea)6T(@s) “ 


When taking the fourth derivative of Z[J] a large number of terms is obtained. 
We write down only those that survive in the limit J = 0: 


i §4Z 7 ew ew 
R6T(w1)6T(w2)6I(@3)6I (4) [yo - Gremmcntnceen 
ew &W &W &eW 
+ §F(@1)6T@s) 6T(@2)6T (ea) se eed NTE) 


ow 
ae (7) 
6J(x1)6 J (r2)6I(x3)6S (x4) par 
This is just equation (2). 


Denoting the connected Green’s function by a bubble marked with the 
letter C, we can write (1) and (2) graphically as 


~O-=-©- » @ 
OE 


H 
og 
$e 


1Ok woe eee 0 


Permut. 
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where the summation extends over all possible associations of the coordinates 
x; to the lines of the graph. 

The general connection between ordinary and connected Green’s functions 
of order n looks rather complicated: 


CO ee GOGO) 
+> GM Gee Giaae (eee s 
pe Perm. 
+)> DS, GUI Gate CLG eee 
Hv Perm. 
GU Si! Crea mae er) 
+.... (10) 


Thus in addition to the connected Green’s function Eo all possible products 
of disjoint Green’s functions of lower order are present, subject to the condi- 
tion that the number of variables ;, i.e., the “legs” of the graph, sums up to 
n. For example in the case n = 6, (10) becomes 


Cem =O noe 
XFaBe+ DY a ee = i: (11) 
Permut. 3 6- —O- —O- 
Remark. If the interaction Lagrangian Cj, is an even function of ¢, as is the 
case in the ¢* model, there are no odd n-point functions and the intermediate 


term in (11) drops out. 
EE —_——— ESS 


12.7 One-Particle Irreducible Graphs 
and the Effective Action 


Up to now we have introduced two kinds of n-point function, G 2) een a) 
and Gi”) (%1,.--,%n). The latter function has the advantage that it does not 
contain contributions that arise trivially from the multiplication of n-point 
functions of lower order. One can take a second step and further subdivide 
the set of connected graphs, ending up with a “hard core” of graphs having 
a nontrivial topology. The following examples from ¢4 theory illustrates that 
even the connected graphs can still have a certain redundancy: 


eC Oe >< 2a) reducible 
—C}.- és K Go. irreducible 


The diagrams in the first row can be split into two disjoint parts by cutting 
a single internal line, thus they are called reducible. The examples on the 
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second row are irreducible, or to be more precise one-particle arreducible, which 
is abbreviated as 1PI, since they cannot be dissected in this way. The 1PI 
property in a sense is a more rigorous variant of connectedness: the graph 
has to be connected in a “nontrivial” way. The irreducible graphs play an 
important role for the systematic construction of perturbation theory in higher 
orders. Every higher-order graph can be obtained in a unique way by taking 
irreducible graphs and free propagators Ge as building blocks. 

We define an irreducible vertex function which is an n-point function 
1) (r1,..., 2p) consisting of the sum of all irreducible graphs. An alternative 
notation is Gj’ (21,... Cn) where p stands for “proper”. Again it is possible 
to construct a generating functional from which the irreducible vertex func- 
tions can be obtained. The connection with the functionals studied so far is 
less straightforward, though. 

Although the reason for the next step is not immediately obvious we now 
introduce the derivative of the generating functional Z[.J] with respect to the 
source J(x) as a new variable ¢,(z): 


6Z| J] 
ae mera) 
The meaning of this variable becomes evident if one starts from the path- 
integral representation of the vacuum functional W[J], 


ie {Do exp |} fdtz(£ + J¢)| 
oe 7 {Doe =e fata Lexp] 


(12.108) 


(12.109) 


which leads to 


a 


oe Z[J] _h_1_ 6W[J] _ fDd exp |; fata! (L + J9)] o(2) 
~ 65(z) i WJ] 6 F(x) [Do exp [} fate! (£ + J¢)] 


_ jul (12.110) 
(0/0) /, 

Here the interpretation of the path integral as a vacuum expectation value was 
introduced (cf. Sect. 12.1). Thus ¢,(x) is the normalized vacuum expectation 
value of the field operator ¢(z) in the presence of the source J; one also uses 
the names mean field or classical field. Note that ¢,(x) is both an ordinary 
function of x and a functional of J; one might use the notation ¢,(z, J]. 
In the limit of vanishing perturbation J— 0, under normal circumstances the 
classical field will also go to zero, ¢, — 0. Important exceptions to this rule are 
theories exhibiting spontaneous symmetry breaking, which are characterized 
by a nonzero value of the vacuum expectation value of the field.’ 

Now we assume that the connection between ¢, and J can be inverted so 
that the source J can be expressed as a functional of the classical field ¢. (at 
the same time being a function of z), J = J(zx,¢,]. Then J can be eliminated 
and be replaced by ¢, as an independent variable. This is achieved by a 
(functional) Legendre transformation familiar from Hamiltonian mechanics or 
thermodynamics. We define the new generating functional 


” See, e.g., D. Bailin, A. Love, Introduction to Gauge Field Theory (Adam Hilger, 
Bristol 1986), Chap. 13 
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Aes 4a fe Oe (12.111) 


This functional is constructed in such a way that it has no explicit dependence 
on J, 6I°/5J = 0. For reasons that will become clear later, I”[¢<] is called the 
effective action. The functional derivative of the effective action I'[¢] with 
respect to the classical field ¢, takes a simple form: 


6I[bc] __ 64 i a, F(y) 
= = icky be (2.112) 
SGe(c) ~ Bete) J" BG) 9) 
With the use of (12.108) the functional chain rule leads to 
6Z fav; A ‘i bI(y v= fet 
—— = ]d be 1213 
sacs | 28 aay Bact = LOO pay a 
Therefore the first two terms in oe cancel and we are left with 
bI'[Gc] 
= —J(z) . 12a 
i¢.(e) 7 


Note that the relation between I'[¢,] and J is very similar to that between 
Z[J] and ¢. given in (12.108). 

The newly defined functional I'[¢,] is now taken as the generating func- 
tional for a new class of n-point functions, which will turn out to be the tr- 
reducible vertex functions re (z1,-.-,;£n) introduced above. In keeping with 
(12.74) and (12.87) the Volterra expansion of the effective action reads 


I<] = D [eter Jaton GPO 2) (21) +++ be(@n) . (12.115) 


Now we investigate the relation of the newly defined functions to the ordinary 
and to the connected n-point Green’s functions G‘”) and G™, The integral 
kernels in (12.115) are determined by 


6"I'ldc] 


POG we a EE 12.116 
( a ) bc (Ga) pee 5¢-(Ln) ¢-=0 ( ) 
Let us start with the two-point verter function 
&°T'[ pc] 
2 —— — ———— 1 aa7 
( 1 2) bb¢(£1) 5c(X2) pes ( ) 


This object turns out to be the inverse of the two-point Green’s function 
G) (21,2). From the functional chain rule and using (12.108) and (12.114) 
we find 


_ SGe(e1) _ faa, Sde(e1) 54(a) 
WOE = ec = [rey A 


Se (12.118) 
6 (£1) 6I (x) 6¢c(x)bbc(£2) © ; 


Taken at J = ¢, = 0 this implies 


— fats Beglones P)(z, x) = §*(2; — 2). (12,119) 
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Thus ’'®) and G(?) (and also G(); cf, (12.5a)) are inverse to each other (in the 
sense of a “matrix multiplication with continuous indices”). Equation (12.119) 
as an integral equation for '() is solved by the inverse propagator G2)—! go 
that we can identify 


FP) (21,22) =ihG@— (c), 20) . (12.120) 
This result becomes particulary simple for the noninteracting theory. Here 
Ge) (1,22) is just the Feynman propagator, multiplied by if, and therefore 

TP) (a, 22) = AZ (a, — 29). (12.121) 


While the Feynman propagator in coordinate space is a complicated function, 
in momentum space Ar is the simple multiplication operator 1/(p? — m? + ie), 
which can be trivially inverted. Introducing the Fourier-transformed vertex 
function I’) (z,, 22) as in Sect. 12.6, 


FP) (p,,...,Pn)(Qrh)464(py +... + Dn) 


= [ates ped ele! States 27.) 72) es... (12.122) 
then according to (12.121) we simply have 
Oe) — An Op ae. (12.123) 
Now we evaluate the irreducible three-point verter function 
&I lb. 
P®) (2), 29,23) = cue! | |?) ae (12.124) 


7 6bc(t1 )bdoc(L2)bb¢(z3) bc=0 


I’) can be obtained by forming the functional derivative of the identity 
(12.118), taking into account the product and chain rules: 
6 6°Z Oo 


ae 6J (x3) | ae (2125) 


| 4 WA Ou 
9b a 
bJ(x3)6J (a1 )bI (x) bc (x)6b<(24) 
6°Z &er bb¢(a: 
+ fate, [aay on ey 
b I (a1 )6I(21) bbc(2})bGc(23)dbc(xQ) I(x3) 
The equation relates the three-point vertex function with the three-point 
Green’s function. Both are integrated over and both are multiplied by sec- 
ond derivatives either of I’ with respect to @, or of Z with respect to J (the 
last term in (12.125) is also of this type because of (12.108)) With the help of 
the inverse operator provided by (12.118), (12.125) can be solved for one of 
the three-point functions. Let us multiply the equation by 6?Z/6J(x5)é6J(z2) 
and integrate over x4. This leads to 


632 |< Pel 0 sek 62 62 
aoe 
6I(a1)6I(t2)6J (x3) Py P23 FT (a 6d (wi) 5I(e2)6I (wh) 

822 er 


* §F(w3)6I (x4) Sdelal duos ode) | (12.126) 
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In the limit J = ¢, = 0 and with the help of (12.88) and (12.116) this reduces 
to 


G®) (a1, 22, £3) = = [ataiatehdtas G) (21,2 )G? (x2, 25) 


xGP) (ag, 05) PO) (a), a5, 25) - (12.127) 


Thus the connected three-point Green’s function G¢ (3) is obtained by append- 
ing propagators to the irreducible three-point vertex function '@), one propa- 
gator for each of the external “legs”. Therefore I” (n) also is called an amputated 
Green’s function. 

The graphical representation of (12.127) looks like 


Qo - fom (12.128) 


where —O— describes the two-point Green’s function, and on the right-hand 
side an integration over the internal coordinates (x},2,23) is implied. This 
shows that the amputated function I’ does not contain information on how the 
field evolves from the last point of interaction x to the “observation point” 
z;. This has to be accounted for separately by appending the propagators 
G()(a;, x/). These propagators contain effects of the self-interaction but there 
is no interaction with other particles. The “essential” physics of a scattering 
process therefore is contained in the amputated n-point function. 

With the help of (12.118), (12.125) of course can also be solved for the 
other three-point function. Suitably renaming the coordinates, we obtain 


Ste 


ier _ faa nt att a4 er 
FCT CHU ER) © [s ot aman 
6°r OEP 637 


* Fclan\bbclan) Bbcles)bbCOD) Pee TaeT ay) — 2429) 


With the use of (12.120) the irreducible three-point vertex function is obtained 
from the three-point Green’s function through 


A 
F°)\(2,,22,23) = + fatxiatesatey G2) (¢,,21)G@! (x2, 24) 


XGA (x3, 25)GP) (x4, 25,25) . (12.130) 


The inverse propagator on the right-hand side serves to amputate the legs 


of eo This operation is graphically represented by marking the respective 
external lines with a cross. Then (12.130) can be written as 


oe) _ (12.131) 


It is obvious that this is equivalent to (12.128). 
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As we have seen, the connection between '(™ and Gir) in the case of 
n = 31s rather simple, the only difference refers to the treatment of external 
lines. More profound differences are to be found at higher orders n. Let us 
investigate the connection between the four-point functions. 
To obtain an expression for '¢) we differentiate (12.126) once more with 
respect to J. This gives rise to four different terms under the integral: 
OZ 
6J(21)6S(x2)6I(x3)6 I (x4) 
be Og bee 
6F(x2)6I (25) 6S (x3)65 (x5) 6F(x4)6T (x4) 
. ae 
b I (1 )dbc(%4) bc (X5)bGc(X4) 
62 Geue Oo 
6I(x1)6F(x2)6 I (x5) 6S(a3)6S (25) 65 (xa)bF(2x4) 
. Co 
bbe (9 )dgc(€3)6c(24) 


a2 terms : (2132) 


= 4_t 44, J4t 
= fatosatasate, 


The derivative of I’ with respect to J in the first term can be replaced by a 
o- derivative through 


6 6(x}) 6 og 6 
= d4 ! 1 = |« t ’ ‘ 
seen = /*°* Bae) Bacay = J areNETAD Tata) * O21 
The right-hand side of (12.132) contains the irreducible vertex functions 7) 
and I) and the Green’s functions eon Now we employ (12.127) and replace 
G?) by the vertex function I). In this way the last three terms become six- 
dimensional integrals. In the first contribution we rename x5 as y and use 
£,,25,y' as the new integration variables. Similar bookkeeping is done for the 
other contributions. Finally we arrive at 
64g 
o A 
Ae Dawidet ade 8 Oe 
= | a 5 Noe) SUE OT GS) 
6°72 6°Z ee 
$I (ws)6I(@4) SF(@a)oI (at) F(a 6I (7) I (a4) (a) 
og be 
AO Gal Sell Seiad AG Aba || 
~ i TS TASS) Pies Mita 
Og 6°Z 672 OE 
ST eer eT eee ee eee 
bI(x3)6 (xg) dS (x4)bI(04) SS (y')bT(y) bbc (x4 )bGc (2 )6Gc(y’) 
or 


aaa + 2 terms | . 12.134 
*Fly)bdbe(t5)0bc(@4) He ms ( ) 
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Thus we have succeeded in expressing the connected four-point Green’s func- 
tion Go in terms of a combination of propagators and irreducible vertex 
functions 7’) and r(@): 

i 
h 
xG) (x3, 24)G@) (a POG) es) 


fats dah dtaidta!, G? (21, 2})G™ (x2, £5) 


Go (x1 » 02,23, 1) = 


oh 2 
_ (.) [atorateratesate, dtyd*y! GO) (1,24 )G (x2, 25) 
xGO) (23, 24)G (x4, 04)GO (y,y') 
a (r®(a}, 25,9) CEE PONG i VOCUG) in on) 


+FO(xh, 2h, y)\ PO (y,2},24)) - (12.135) 


The first term has the same structure as in (12.127), i.e., the amputated ver- 
tex function 7’) has four propagators attached as legs. There are additional 
terms, however, which consist of three-point vertex functions and an addi- 
tional internal propagator. 

As usual the rather intricate equation, (12.135), looks much more benign 
when written in graphical form: 


oGra cen pg fae 


(12.136) 


It is evident that [) is justly called a one-particle irreducible vertex function. 
Gq) contains the whole set of connected graphs with four external lines. To 
obtain I’), the last three terms in (12.136) have to be subtracted. These 
clearly are one-particle reducible since they can be split into two parts by 
cutting the internal line. 

The relation (12.135) has been obtained by repeatedly taking functional 
derivatives of (12.129). In exactly the same way one can derive the connection 
between higher-order n-point functions. As in (12.136) the connected Green’s 
function eo can always be constructed from irreducible vertex functions 
I'(™), where in general all orders 3 < m < n will contribute. Of course, if n is 
large there will be many contributing graphs. 

In certain cases simplifications will occur if some of the graphs do not exist. 
One such example is the familiar 44 theory. Since all interaction vertices have 
four legs, clearly no n-point function with odd n will exist. Then the last three 
terms in (12.132) drop out. In this special case Ge agrees with ['@), except 
for the appending of external propagators. 

As mentioned earlier the functional I'[¢,] is called the effective action. To 
elucidate the reason for this choice of name we take a look at the noninteract- 
ing theory and evaluate the functional [|<] explicitly. In Sect. 12.4 we have 
been able to calculate the generating functional Wo[J] of the free scalar field: 
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h il 
Zoe a In Wo[J] = 5 [ate ge Jie anes =e ieee ate) 
Accordingly the “classical field” defined in (12.108) reads 
6ZolJ] 
Gott) 57(2) =- fae Ar(z — 2')J(z'). (12.138) 


The Feynman propagator Arp is a Green’s function of the Klein-Gordon oper- 
ator (+m?) Ap(x — x') = —64(a — 2'). Therefore (12.138) confirms that dc, 
which was christened the “classical field”, indeed is a solution of the classical 
field equation, which is the Klein-Gordon equation, with J(z) as an inhomo- 
geneous source: 


(O+ m*)¢d.(z) = J(z) . (125139) 


The free functional [o[¢-] follows from the Legendre transformation 
Tole] = Zold]— fate s(a)de(2) 
il 
=s;, [oz d'a’ J(z)Ap(2 — 2')J(a') . (12.140) 


With the help of the field equation (12.139), the source J(x) can be expressed 
in terms of the classical field. After repeated integration by parts we find 


Fold] = 5 fatedte! d(x) (G +m?) Apa - 2/0 4m?) 6e(2") 


= 5 ite dz $e(e)(O +m”) Ap(x — 2A +m*)$e(2") 


—5 [atx de(e)(O + m?)pe(a) 
= 5 fate (O.bcO"d. — mg?) . CE2 ta) 


This just is the action integral S|@,] of the free scalar field theory. Equation 
(12.141) is a very special kind of functional, being given by a simple integral 
over a density function (the Lagrange density) which depends on the local 
value of ¢.(z). 

In the case of interacting field theories, ['[@,] in general will no longer 
agree with the classical action. Rather the influence of quantum fluctuations 
will transform I'[@.] into a highly nonlocal functional characterized by an 
integrand that depends on the simultaneous values of ¢,(x) at many different 
points x (cf. the general expression (12.115)). Formally it is always possible 
to write the functional as a local expression “plus corrections” by expanding 
all fields ¢.(x') into a power series around a common point z. The effective 
action of the interacting theory can thus be written as 


I$] = [ate (-1. a 5 (2ube)(O" be) (de) + higher deriv.) . (12.142) 


Here U(¢,) and F(¢-) are local functions (not functionals) of the field ¢.. In 
addition there are terms that contain derivatives of arbitrarily high order. The 
term containing no gradient, U(¢,), is called the effective potential. This ef- 
fective potential consits of the mass term am? 2 and the interaction potential 
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V(¢_) (for example — 468) plus an extra term which originates from quantum 
fluctuations (the loop graphs). The influence of quantum fluctuations can be 
studied by expanding the effective potential with respect to powers of h. 
The effective action can be taken as a starting point for the discussion of 
nonperturbative effects such as spontaneous symmetry breaking. It is an im- 
portant tool for the investigation of the properties of quantum field theories. 


12.8 Path Integrals for Fermion Fields 


In the previous sections the theory of scalar quantum fields (x) has been 
reformulated in terms of path integrals. It is only natural to ask whether such 
a formulation can also be developed for fermion fields ~(z). Any attempt 
to work this out is immediately confronted with a characteristic problem: the 
fermion field operators are anticommuting objects. In the canonical formalism 
they obey the equal-time anticommutation relations (<0 = yo) 


{ha(x), bp(y)} 
{da(z), boy)} = {dh(z), B6@)} =0. (12.143) 


It is not possible to go back from the field operators a(x) to ordinary classical 
spinor fields ~(z) since in this way the Pauli principle gets lost. If one wants 
to defy this obstacle and to set up a path-integral representation for fermion 
fields nevertheless, the space of ordinary (real or complex) numbers has to be 
left and anticommuting numbers have to be introduced instead. Indeed this 
notion is not new to mathematics since anticommuting numbers were intro- 
duced around the middle of the 19th century by the mathematician Hermann 
Grassmann. These objects play an important role in the theory of exterior 
differential forms.® 

The set of all anticommuting numbers (or Grassmann variables) is called 
the Grassmann algebra or exterior algebra. Each element of this algebra can 
be expressed in terms of n generators O;. The index 7 runs from 1 to n where 
n is the dimension of the algebra (later we will consider the generalization to 
infinite dimension). The decisive relation defining the structure of the algebra 
is the anticommutation relation 


{0;, O;} =0 (12.144) 


for all i and 7. As a particular consequence of this condition the square and 
all higher powers of a generator are seen to vanish, 


07 =0. (12.145) 


Therefore any element of a finite-dimensional Grassmann algebra can be ex- 
panded into a finite sum containing products of generators: 


(0) = 9 +S~ gM O:4+ S~ GP?) 0: Oi +...-+ 9601 Os --- On (12.146) 


41 <t2 


bag 6 (@—y), (12.143a) 


8 See e.g. Y. Choquet-Bruhat, C. deWitt-Morette: M. Dillard-Bleick: Analysis, 
Manifolds and Physics (North Holland, Amsterdam 1982). 
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where the coefficients g‘*) are ordinary c numbers. 

The indices in the sum have been arranged in ascending order, 1) < ig < 
..+ < tn. Because of the property 0;0; = —Q;0; the number of independent 
products of p generators is reduced to GE For example the last term (n = p) 
in (12.146) in fact does not contain a summation at all since there is only one 
possible ordered combination of indices. The dimension of the Grassmann 
algebra, i.e., the maximum number of linearly independent terms in the basis 
expansion (12.146) is 2”. (This is evident if one represents each term in the 
sum by a binary number with n digits, where 1(0) at the ith place signals 
the presence (absence) of the generator O;. There are 2” binary numbers of 
length n.) 

In order to formulate field theory using the Grassmann algebra, certain 
tools from analysis have to be available. Indeed it is possible to define the 
operations of integration and differentiation involving Grassmann variables, 
although these turn out to be rather abstract concepts that do not share all 
the features familiar from analysis in the real or complex domain. 

Let us first. consider a simple Grassmann algebra of order n = 2 with the 
generators ©, and Q2 having the basis {1, 0), 02, 0102}. 

The rules for differentiation with respect to the generators are 

d d 


—— Ol 12147 

ey | ep ee) 
d 

dO; 0,02 = 65102 = 63201 . (12.147b) 


Note the minus sign in the product rule (12.147b). The general rule for dif- 
ferentiation of a product is given by 


ao... 0 


dO; OES 


im bon = opel en, Teme hen +... 


+(-1)™ 16 ;:,, on oe a09 Ope : (12.148) 


The respective factor O;, is anticommuted to the left until the derivative 
operator can be directly applied.® Since differentiation is supposed to be a 
linear operator equation, (12.146) is sufficient to determine the derivative of 
any Grassmann-valued function. Using (12.148) one may prove the following 
properties concerning the anticommutators of differential operators: 


d 
{6 =e (12.149a) 
a ee (12.149b) 
dO; dO; 


In particular, all the higher derivatives with respect to the same generator 
@; vanish. This is no surprise since according to (12.145) all the functions in 
existence are linear at most. 

When trying to define an integration over Grassmann variables! we have 
to relinquish many of the familiar properties. The usual construction of Rie- 


2 Note that we have defined a left-sided derivative but one can similarly introduce 
a right-sided derivative. Then some of the signs in (12.148) are changed. 

10 fA Berezin: The Method of Second Quantization (Academic Press, New York 
1966). 
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mann’s sum cannot be extended to the Grassmann case. Also an attempt to 
introduce an indefinite integral as the inverse of differentiation is bound to 
fail. This is illustrated by the fact that according to (12.149b) the second 
derivative of any function with respect to a Grassmann variable vanishes, so 
that the inverse operation does not exist. 

We will be content with a formal definition that extends some of the most 
basic properties of integration to Grassmann variables. 

Let us start with a single Grassmann variable O. The integration over 
a function f(@) is constructed such that it produces an ordinary (real or 
complex) number. This mapping is constructed as a linear functional: 


[xe (af(©) +09(0)) =a [ao t() +b [a0 9(@) . (12.150) 


This operation is uniquely fixed if the values of the integral of the constant 
function 1 and the linear function O are known. We postulate 


feo. = 0, (12.151a) 


[x86 


These are postulates that cannot be derived. Some intuitive understanding 
can be gained by comparing (12.151) with the rules for definite integrals 
f°, dx f(z) of ordinary functions f(x) that drop to zero at infinity. In this 
case the integral over the derivative of a function (a total differential) vanishes: 


[- dx as =f(col f(-col = 07, (2Ai52) 


which agrees with the rule (12.151a) since 1 = dO/d@ is such a derivative. 
The integrand in (12.151b), on the other hand, cannot be represented as 
a total differential since there is no “quadratic” Grassmann-valued function 
whose derivative would be O. The sole nonvanishing integral {dO O arbitrarily 
is assigned the value 1. This is a convenient normalization condition which 
amounts to defining a “scale” for the Grassmann variable. 

One also can arrive at the integration rules (12.151) by postulating the 
translation invariance of the integration. For an arbitrary function f(O) = 
fi + f2O we have 


rote +n 


II 


iL, (12.151b) 


[20 [i+ m+n] = foo [a+ ne] + [20 ton 
frore)+ | [xe i] fn = [ao f@). (12.153) 


The most striking property of the definition (12.151) is its complete agreement 
with (12.147). For Grassmann variables the operations of integration and dif- 
ferentiation are the same! This has its roots in the fact that there are only 
constant or linear functions and that, roughly speaking, rising and lowering 
the “power” amount to the same. 

Generalizing the integration rules to the case of a multidimensinal Grass- 
mann algebra with the generators ©; poses no problem. For all i = 1,...,n 
one postulates 
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All 


Joon 


[e008 = 1. (12.154b) 


0, (12.154a) 


Multiple integrals are reduced to repeated ordinary integrals in the usual way. 
The anticommutation rules for differentials dQ; are useful in this context: 


Woe dO.) = 0. (12.155a) 
(Gln, Gat = ae (12.155b) 
Because Grassmann integration and differentiation are equivalent, these rules 
agree with equations (12.149). 
Given a function g(@) of Grassmann variables the coefficients in the sum 


representation (12.146) can be obtained by a projection. In particular, the 
highest term g‘” is obtained by n-fold integration over all the variables: 


| dO, ...d0; 9(@) =g™. (12.156) 


(k) 


The other coefficients g;\" ;, follow similarly if extra factors O;,, are inserted 


into the integral for all the complementary indices 7,, not contained in the set 
(imei Uh) 
To illustrate (12.156), let us write down the case n = k = 2 in detail: 


[00 [20 g(O1, O2) (12.157) 


[0 [x0 (9 + gs Oy a7 gz + gf} 0102 ) 


= WU ( [so 1) (foo. 1) +g ( fee» 1) (ee. 61) 
a) ( feo 62) (feo. 1) + 9?) (foe: er) (feo. 6) 


2 
= ae : 


tm 


An important aspect when working with integrals is their behavior under vart- 
able transformations. Let us start with the example of a linear transformation 
in one dimension, 


O'=n+00, (12.158) 


where 7) is an anticommuting and a an ordinary number. For the integral of 
a function g(@') we find 


fae Ong 8 (12.159) 
On the other hand, 
i dOg(0’) = i do (9° + g9") = i 40 (q + gn + 908) 
= ge. (12.160) 


Comparing these results we deduce 
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ee 


fae’ = _ [209(6'@)) = foo (3) 9(6'@) or a2 61) 


The constant factor 1/a was moved under the integral in the form (d0"/ doe)-} 
in order to emphasize the analogy to the transformation rule, which holds for 
the integration of an ordinary function g(2): 


fae’ oe’ = [a & 9(x'(2) (12.162) 


Thus Grassman integrals exhibit just the opposite behavior under transforma- 
tions when compared to ordinary integrals! This peculiar property of course 
will also be found at higher dimensions. For an n-dimensional Grassmann 
algebra the linear transformation 
nr 
@; =) gee den (12.163) 
jel 
leads to the following transformation law for the integral: 


[20%,...204 0(0") = [20,201 ace ei g(O'(@)) . (12.164) 


Here the inverse of the Jacobian determinant of the transformation 9 — 0! 
is encountered. 


While the general proof of (12.164) is not trivial we can easily check its validity 
for the special case of the product function g(@) = @, ---@n. The normalization 
condition (12.154b) implies 


[90.1 1-@,= [a0l...d64 @4---04 = 1. (12.165) 


The product of the Grassmann generators @; transforms with the determinant of 
the transformation matrix A 


0102+ OL = S> ari arig «++ Ani, i, Oi + Oi, = det A O102---On (12.166) 
Beaatte 
since all permutations of the indices 7, contribute to the sum (with alternating sign). 
Therefore the volume element has to transform as the inverse of this determinant, 
=i 

fe eo de = (aet 4) Meno adlendEn . (12.167) 

in order to satisfy (12.165). This is the opposite of the transformation law for the 
volume element of ordinary numbers: 


dx, ---da, =det A dz---dzp . (12.168) 


In order to develop the path-integral formalism for fermion fields we will have 

to solve Gaussian integrals. Fortunately this can be done (and the calculation 

in principle is very simple since Grassmann-valued functions at worst can be 

linear, causing the series expansion of the exponential function to terminate). 
Let us solve the following Gaussian integral in n dimensions: 


_1gT 
In= [401---d0 ne yee te (12.169) 
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The exponent contains the bilinear form 


Oe) 71,0), e170) 
a,j 
where, because of the anticommuting property of the Grassmann generators 
O;, only the antisymmetric part of the matrix A has to be taken into account. 
Remember that in the n-dimensional Gaussian integral over bosonic variables 
(c numbers) A was a symmetric matrix. 

The integral (12.169) can be calculated by Taylor-expanding the expo- 
nential function and using the fundamental integral relations (12.154). It is 
obvious that only those terms that contain a product of all n generators 0; 
make a contribution to the integral, each generator being present exactly once. 
This is possible only if n is an even number; for n odd we have J, = 0. Fur- 
thermore it is obvious that it is the term of order n/2 that will contribute to 
the integral: 


He 1 1 T n/2 
k= aa dO, (ose Ae) (12.171) 


Because of the integration rule (12.154) those terms in the integrand are 
sorted out for which the indices of all n factors ©; are different. This leads to 
the product of n/2 matrix elements A;,; involving all index combinations and 
alternating signs. The result turns out to be the square root of the determinant 
of the matrix A (cf. Exercise 12.6):! 


ade 2 
[40n---401 072° AO = (det A) =exp (5 Trin) . (12.172) 


Compared with the corresponding Gaussian integral formula for c numbers, 
(2) in Exercise 11.3, the result for Grassmann variables looks very similar. 
However, the determinant now stands in the numerator instead of the denom- 
inator! This reminds us of the inverse Jacobian encountered for the transfor- 
mation of the volume element of Grassmann variables. 

We remark that (12.172) immediately teaches us that the Gaussian integral 
vanishes for odd dimensions n. To wit, the determinant of an antisymmetric 
matrix of odd dimension is zero (check this, e.g., for the special case n = 3). 

It is not surprising that the Gaussian integral formula can be generalized 
to the case of general bilinear forms in the exponent: 


‘i ee 
[401--d0n e240 + © = (det A)"e7 2? A ‘P— (12.173) 


Here p is an n-component vector of Grassmann variables. Equation (12.173) 
can be confirmed by translating the integration variable, 0’ = © + A~'p, as 
in (2) in exercise 11.3. 

Having in mind the description of Dirac fields we now introduce complex 
Grassmann variables. Let us start with two disjoint sets of Grassmann vari- 
ables Q),...,@, and Of,...,0@%, which are all mutually anticommuting 


10.70, — 167, ©; | — (07,0, | = 0: (12.174) 


" Such an antisymmetric sum over products of n/2 elements of an antisymmetric 
matrix of even order is known in mathematics as a “Pfaffian”. 
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Taken together, these generators form a 2n-dimensional Grassmann algebra. 
The two sets are put into a relation by introducing the conjugation operation 
(which also is called “involution”) according to 


(0:)" = OF, 
(O;)" = O93, 
(Ones, ---O;,)* = ey ati8 O;, QO}. “ 
(\0;) sae. (12.175) 


where \ is a complex number. Upon differentiation and integration, the 0; 
and @} are treated as independent variables. 

The Gaussian integral for complex Grassmann variables instead of (12.170) 
now contains the bilinear form 


ee > Cnc, (12.176) 
a] 


in the exponent. The Gaussian integral formula reads 
fee; dO dO, ---dO, e749 = det A. (@l2si72) 


The absense of the square root, when this is compared with (12.172), is not 
surprising since the integration now extends over 2n instead of n variables. 
Equation (12.177) has the obvious generalization 


[ao ---d@* dO, ---dO, exp (-O1A © + Otp + pid) 


=det A exp(—p'A7'p) . (12.178) 


These equations are most easily proved for anihermitean matrices At = —A 
but their validity is more general. 

To apply Grassmann variables in field theory we have to introduce an- 
ticommuting fields, i.e., to study the continuum limit 0; — O(x). The field 
variables Q(x) are the generators of an infinite-dimensional Grassmann. alge- 
bra, the elements of which all are anticommuting (i.e., taken at all points in 
space time). At least on a formal level this generalization presents no prob- 
lems, the rules for the discrete finite-dimensional case can be simply copied. 
The fundamental relation is 


fet), OC)! = 0 tor alla ae (12.179) 
Ordinary differentiation is translated to the functional derivative 
bO(x) 4 
=o (5 — 12.180 
jai, hen) (12.180) 
and 
ee. O(y) =- §! 
5O(a)’ y = (cx -—y), (i2alsta) 
6 6 ze 
50(n) 50) = (12.181b) 


An arbitrary element of the algebra can be expanded like 
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g(0) = 9 + far g") (a1)O(x1) +... + 


+ fary---dr, g') (x1,...,2n) O21) ++ O(an) +... , (12.182) 


where the coefficient functions g'") (xy ,+++,£n) are antisymmetric with respect 
to the interchange of the arguments 2;. If the coefficients g(") depend on 2, 
(12.182) forms the representation of a continuous Grassmann-valued function 
ge, 2). 

In keeping with (12.151) we postulate the following integration rules: 


[row 1 = 0, (12.183a) 


[row Cee i. (12.183b) 


Once the integration over O(zx)is defined, it is possible to extend the concept of 
the path integral to Grassmann fields ¢)(x). The construction in Sect. 12.1 did 
not make use of any special properties of the integration over field variables 
which might restrict the validity to ordinary c numbers.!? 

For field-theoretical applications of the path integral over fermion fields 
only one integral formula is needed (and available). The Gaussian integral is 
given by 


[ve [re exp|- [aiseto de) Ace’, ve) 
+ fate (te o(a) + aoyw(e))| 


= det A exp | if dtz'd‘x AeA ',2)0(0| (12.184) 


This is sufficient for all practical purposes since the Lagrangian of realistic 
field theories always consists of bilinear combinations of spinor fields. 


BRERA ——— 


12.6 Grassmann Integration 


Problem. (a) Prove the validity of the transformation law for Grassmann 
integration (12.164): 
rq-l 


[00-004 Ge) = [200.--401 act (55°)| g(O'(O)) . (1) 


Hint: Use complete induction and employ the following relation between the 
determinants of an n x n and an (n — 1) x (n — 1) matrix: 


12 Nevertheless one has to admit that the Grassmann path integral is a rather for- 
mal concept for which an intuitive interpretation is quite remote. Of course, the 
ultimate justification of the construction is its success, 1.€., Its ability to derive the 
correct results for generating functionals, Green’s functions, etc., incorporating 
the right fermionic properties. 
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Exercise 12.6 


det (cle =e det (ai; _ OE Oneill) ais Seo (2) 


(b) Derive the Gaussian integral formula (12.161) for Grassmann variables, 
Wate 
[ae1---00,.072° A® — (det A)” , (3) 


where A ia a real antisymmetric matrix of even dimension. 
Hint. A unitary transformation can be used to bring the matrix into the 
following form 


0 A 
—A; 0 


A= —A3 0 ; (4) 


where only the two lines adjacent to the main diagonal are nonzero. 


Solution. (a) The identity is fulfilled for the special case n = 1: take the 
general function g(@) = g) + gO and the transformation 0’ = a@ + 6. 
Then the integrals over O’ and over © read 


fastae) = [209 +90") = 0, (5a) 

[xe g(@'(@)) = feo (g© +99 (a@+b)) =ag™. (5b) 
Therefore we find as claimed 

foo 9(6') = [xo ~9(0'(0)) = fro ey ~"9(9'(0)) - (6) 


As the second step of the proof by induction we assume that the identity holds 
for a certain value of n: 


U 


' ' hy 00; A 
[20,1 40) 9(6') = [20,1 -..€0, tet (SB). vena 9(0'(0)). 


Now an additional variable O!, is added and integrated over: 


[ee [20 dO! 9(0') (8) 


1 


al vay 00; Gees 
= feo, [20n1...40, laee( SE). vena 9(0')) . 


7 ae! \~* a0! Slee 
= foo. [20na...40; (ss) lace (FB) atl 9(0')) . 


For the integration over O/, the one-dimensional formula (6) has been used. 
This is admissible only if the functional determinant (8) is evaluated under 
the constraint of keeping the value of O’ fixed. In this way 0, becomes a 
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dependent variable. If the ©1,...,@n are to be used as independent variables 
then differentiation poduces an extra term: 
ley _ 00; Gieya|| rere) 9 
Chor ie) WIR Cle Ry lor (9) 
where 7,7 =1,...,n — 1. The variable ©, depends implicitly on 0; through 
the transformation relation O!, = 0!,(O,,...,On). We can use the implicit- 
function differentiation law 
dee icle hi Merelox 
—~=0. (10) 
00 aol), 5) 00, 
Then (9) becomes 
Je! 00! oe. 00) (00. Va 
1 = 2 = 1 n ( 2) , (11) 
00; eo, 9O;|o, IOn 00; \I0, 


This expression just agrees with the argument of the determinant in equation 
(2), identifying a;; := 00!/00,;. Therefore we can use 


oo. det (Sot i xn-1 " det (SE) an a2) 


00, 00; 
and the proof of (1) is completed. 


oO, 


(b) The transition from A to the standard form A’ proceeds in two steps. 


First we note that the matrix iA is hermitean since AT = —A and A* = A 
imply (i:A)' = -iA? = iA. The matrix iA can be diagonalized by using a 
unitary transformation and it has real eigenvalues ,, 

Ag =UiAU'. (13) 


The antisymmetry of A implies that the eigenvalues come in pairs, with oppo- 
site sign. This can be shown by transposing the matrix in the secular equation, 
which determines the eigenvalues: 


det(iA— AI) =0 — det(iA — AM)” = det(—-iA — AI) = — det(iA + XI) 
=U, (14) 
which shows that \ and —A simultaneously are eigenvalues. If we sort the 


eigensolutions in ascending order the matrix Aq takes the form 


A <0 
0 -Aj 
3 «OO 
Ag= 0 —A3 (15) 


A second unitary transformation R can be constructed which leads from (15) 
to (4). As an ansatz for R we assume it to be a block matrix 
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Ro 
R= Ry : (16) 


Rp is a 2 x 2 matrix constructed in such a way that it “flips” the diagonal 
matrix It is easily verified that Ry leads to the intended “flipping” of the 
diagonal matrix: 


Ra (4 2 eis Ss ae (17) 


The explicit form of Re is easily found: 


me(it) ag (TA)=m os 


Thus we have succeeded in constructing the sought-after transformation: 


A'=-iRA,Rt=-iRUiAUtR'= RU AU'R'. (19) 
Now the transformation of variables 
o'=RUO (20) 


suggests itself. It leads to a substantial simplification of the bilinear form in 
the exponent of the Gaussian integral: 


1 i 
50 AO = 50 Gi 
il 
= 5 (O12 — 05,0), + 042304, — 04,303 +...) 
= }10}05 + 430504 +... + An-19,_-19, - (21) 


The Jacobian determinant of the transformation (20) is 1 since RU is unitary. 
Thus we obtain for the Gaussian integral 


Lar 
[200-201 eye Ne (22) 
~ 00; a —1eg/T a4! Qe! 
= [0,40 lace (555)| e72 
i 


S Gam [8 dO! (—)"/? (O10), +3040), +... + An104_104,)"” 


since this is the only term resulting from the power-series expansion of the 
exponential function that contributes, as explained in (12.171). When we mul- 
tiplying out the power of the polynomial there are (n/2)! terms that share 
the property that all the indices are different: 


1QT 
[200-40 e 29 AO 


(yr (ie nen = (dee (23) 


The last step made use of the fact that the determinant of A according to 
(13) is 
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detA = detU7~' det(idg) det U =i" det Ag = 


(—)"/? Ax (—Ar)A3(—As) + 


This proves (3). The sign factor (—)"/? originates from the inverted ordering 
of the integration variables. 


(EW goo \n 


ee = 0 es) 


12.9 Generating Functional and Green’s Function 
for Fermion Fields 


If Grassmann variables are employed to enforce Fermi statistics it is rather 
straightforward to extend the results of the previous sections to the fermionic 
case. 

Instead of the scalar field ¢(x) we now have to deal with a four-component 
spinor field 7(x). The action of the free theory is given by 


= [at farxcw,s) = fas W(x) (iy"O, — m) (a) . (12.185) 
The field w(x) satisfies the free Dirac equation 
Gyo.) (a) = 0. (12.186) 


Within the framework of canonical field quantization, field operators ~)(z) 


and #(x) = idt(x) are introduced for which the equal-time anticommutation 
relations 

{d(t,z), d(t.y)} = {dtec), HGy)} =0, (12.187a) 

(eG2), e'ty)} = &@—g)ll (12.187b) 


are postulated, as discussed in detail in Chap. 4. 
The quantities of interest are the Green’s functions or n-point functions 


G22 see tn) = (0\T (b(un) +: B(ys)W(ar) --- Van) 9) , 


(12.188) 


»Un;V1,--- 


which we encountered in Chap. 9 in connection with the LSZ formalism. In 
(12.188) the factors w(y;) have been written in descending order to ensure 
that the “direct term” of G2” has a positive sign. 

As shown in Fig. 12.5 there are n incoming fermions (which are created 
at Z1,...,@,) and n outgoing fermions (which are annihilated at yi,.-.,Yn)- 
Only Goean s functions of even order will exist since the Lagrangian is always 
constructed from bilinear combinations of the type pO. Thus each part of a 
Feynman graph contains an equal number of incoming and outgoing fermion 
lines (counting as usual outgoing antiparticles as incoming particles and vice 
versa). 

The essential difference when comparing fermionic and bosonic Green’s func- 
tions is the emergence of a minus sign upon the exchange of fermions: 
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Yi Y2 ES at 


\ 


Ly 4) eee Ln 


Fig. 12.5. The Green’s 
function for fermions 
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GE) (yy, yo, -9Yn;71,72,.-- ee) = SEO G5. 9n,. ++) Yn, %1,%2,--- an) 
= SGI ints esos eee) 
(12.189) 


etc. Within the path integral formalism this can be achieved only by using 
Grassmann variables. As in the bosonic case the fermionic Green’s functions 
can also be obtained from a generating functional. For this one forms the 
functional derivative with respect to an auxiliary variable which couples to 
the field 7)(zx). In the scalar case an additional interaction term J(x)¢(x) was 
introduced. For Dirac fields two such terms are required since both w and 
are present in the Lagrangian. We introduce the auxiliary fields n(x) and 7(z) 
with the hermitean coupling 7 + #7. The generating functional of the free 
Dirac field is then taken as 


Wolna] = N{Do [Do exp] 5 fate (He) inr"a, — mye) 


+ H(2)B(2) + Hla)n(e))) (12.190) 


The auxiliary variables (x) and 7(x) are anticommuting Grassmann fields 
and at the same time they are four-component Dirac spinors, so that the La- 
grangian is a Lorentz scalar. All of the fields W(x), 7(zx), (x), and 7(x) are 
assumed to anticommute at all space-time points and for all Dirac compo- 


nents. The rules for functional differentiation are 


ae nw} = iE new} = O'(r—y), (12.19 1a) 


6 6 )_f6 6)_f6 6)_ 
ea bata t}= Lim ant ola aap =o cae 


The Green’s function (12.188) can now be obtained by forming derivatives of 
the generating functional!* 


i272) (iene yee eee) 


2n 2n 2 
= (7) es Ae (12.192) 
1 6n(tn) ++ dn(x1)6q(y1) «+ 67(Yn) n=i=0 
The derivative is evaluated at 7 = 7 = 0, since 7 and 7 are auxiliary fields, 
which have to drop out in the final expression. The connection between the 
expression (12.192) for the Green’s function and the corresponding definition 
based on the vacuum expectation value of the time-ordered product of field 
operators (12.188) rests on the ordering of the time arguments in the path 
integral. Exactly the same argument as in the scalar case can be employed 
(see Sect. 12.4). The anticommuting property of the Grassmann variables 
guarantees that the correct minus sign emerges in the time-ordered product 


8 The sign of the n-point function of course is a matter of convention. In (12.192) 
the order of differentiations was chosen such that we get agreement with (12.188). 
This is not utterly trivial since the Grassmann derivatives 6/én(x) and 6/67(2) 
anticommute with the field variables w(x) and (x). One can show, however, that 
there is an even number of commutations when we carry out the differentiations 
of (12.192) and write the result in the form (12.188). 
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T((y1)--+(tn)). Clearly the Green’s function of (12.192) satisfies the an- 
ticommutation property (12.189), which is an immediate consequence of the 
differentiation rule (12.191b). 


12.10 Generating Functional and Feynman Propagator 
for the Free Dirac Field 


The generating functional Wo[n, 7] of the free spinor field can be easily eval- 
uated in closed form since according to (12.190) it is defined by a Gaussian 
path integral. The calculation proceeds as in Sect. 12.3 where the scalar field 
was studied. In the following, however, we will use Minkowski coordinates for 
simplicity. We will ignore questions of convergence, appealing to the confi- 
dence that such problems can be avoided if the euclidian formulation of the 
theory (imaginary time coordinates) is used. 

We want to calculate the generating functional expressed by the path 
integral (12.190). This is just the general Gaussian Grassmann integral solved 
in (12.184). To use the result we identify 


(12.193a) 


atl ea 
3 
Fim 
& 
~~ 


p(x) = 5 n(x) , p(x) = 
and 


A(e',x) = == ily -0—m)5 (a! — 2). (12.193b) 


Here the extra minus sign in the Dirac differential operator results from an 
integration by parts: 


[atx [ate P(a') [(-iky - 8 — m)6*(a' — z)] o(2) 
2 fae fate Bla!) |(+itey 8 — my (a) 64(a! — 2) 
= [ats d(x) (iky- 0 -— m)yp(z) . (12.194) 
The noninteracting generating functional then reads 
Woln, 7] =NdetA exp a i ata dtr m(a!)A*(2!,2)()| (12.195) 


In order to invert the integration kernel A(z’, x) we can switch to momentum 
space as in Sect. 12.3. Equation (12.193b) can be written as 


' . d*p ~ip-(x’—2)/h 
Ate 2) = —=(-ihy -O- m) ie e 
Bt -; | d*p en iP (2! —2)/B(ay sp — m). (12.196) 
hj (20h)4 
Accordingly the inverse integral kernel has the momentum-space representa- 
tion 
A7l(a',2) =ik i ahs etna , (12.197) 
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which immediately can be verified by evaluating 
[ate A7}(2",2')A(a', x) = 6*(2" — 2). (12.198) 


To give a unique meaning to the integral (12.197) the Feynman contour will 
be used to circumvent the poles at p? = m? or, equivalently, the mass m is 
given a small negative imaginary part. Then (12.197) just coincides with the 
Feynman propagator for Dirac fields that was introduced in Sect. 5.4 


Ae (ff) iisen ne (12.199) 
It is related to the spin-O Feynman propagator through 

Sp(a' — x) = (ify - 0g: +m) Ap(a' — 2) . (12.200) 
The free generating functional then reads 

Wol[n, 7] = exp 5 [atc'a's n(2')Sp(a' — (a) : (12.201) 


It is very similar to the Klein—-Gordon functional (12.69). To arrive at (12.201) 
we have identified the (formally divergent) expression det A with V—' in order 
to satisfy the normalization condition Wo[0, 0] = 1. 

The explicit expression (12.201) for the free generating functional again 
allows the construction of the free n-point functions 


i 2n 52"Wol i] 
Go" Ga, Yar B15.) Ee = (7) eRe GS 
0 (My Ynj 21 ) i] dn(tn)---6n(1) 69(y1) -+ + 697(Yn) | pA =o 
(127202) 


The free two-point function of course is just the Feynman propagator: 


Oo = (PY) &Woln, ail 
oa = (7) seen) 
= ny’ = b aa ee! HS ) 
(=) (J) aay [te See 2 ne) oat 
= ihSp(y—2). (12.203) 


The exponent in (12.201) has been abbreviated by (4, Sp7). Equation (12.203) 
corresponds to the spin-0 result (12.80). 

With some computational effort the n-point functions of higher order can 
be constructed. The free four-point function for fermions reads 


Opiate ot 
Go (yi, Y2; 21, £2) (;) 6n(x2)6n(21)6H(y1) 6H (Yy2) 
h : —j §8 oe 
7a Fa) one oe “a ine ne 
() (F) enon) fe Fn) 


= al Gy GAR [s'x Seu: -2)nl@) 


x fate Sp(yt — z')n(z') eo a1, Sn) 


n=7n=0 


0 


0 
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oa @) (3) —_ [soto = 21) fate! Selon — 2'yn(2') 


= [atx Sr (yo — «)n(z) Sp(y. — 21) 4+.. | en h(i, Sen) 


0 


= a) (33) [Sry — £1)Sp(y1 — 2) — Sp(ye — 22) SR(n — 7)| 


= (ih)? [Seon — £1) Sp (yo — t2) — Sp(yo — 21) Se(y — 22)| . (12.204) 


If the Feynman propagator is represented by a directed line 


inSp(y—z) = y+, , (12.205) 


this equation can be written in graphical form: 


(4) ; = yi——#- T1 Y1 zy 
Go’ (y1, Y25 21,22) = a oe oe (12.206) 
This result differs in two aspects from the four-point function of the (neutral) 
Klein—Gordon field, equation (12.84b). First, the propagators here have a 
sense of direction, such that the points 2; and y; cannot be interchanged. 
Therefore (12.204) contains only two possible permutations. Second, the 
fermionic character of the Dirac field gives a minus sign to the exchange graph 
in (12.206). This stems from the anticommuting property of the Grassmann- 
valued source fields 7 and #. 

To describe a nontrivial field theory an interaction Lagrangian Cjpn¢_ has to 
be specified. In general this interaction term can take on many different forms. 
If we adopt only the condition that Ling has to be a Lorentz scalar we know 
that it must be constructed from bilinear covariants w O ) (omitting possible 
“flavor” indices). For example we could have a quadrilinear self-interaction 


Lint = g(Pp)? oder Lint = 9(brypv) (by) . (12.207) 


This interaction is very similar to the ¢* theory and the resulting perturba- 
tion series would produce graphs of the same topology. From a deeper point 
of view, however, theories involving fermionic self-interactions turn out to be 
nonrenormalizable and thus are ruled out as fundamental theories. Neverthe- 
less couplings of the type (12.207) can still be used as effective interactions 
approximately valid in a low-energy approximation to a more fundamental 
theory. This is the case for Fermi’s theory of weak interaction, which contains 
the product of four different spin-3 fields (two quarks, neutrino, and electron). 
Because of the large mass and short range of the intermediate vector bosons 
Z and W, which are responsible for the weak interaction, the four-fermion 
point-like interaction is a good approximation. 

The criterion of renormalizability turns out to be very restrictive: only 
such terms in Lint are allowed that are a product of two spinor fields and one 
boson field. This criterion allows the following theories: 
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eee ee 


ere gpd ; ¢ scalar 
Line = gitystd , @ pseudoscalar , 
Lo = 9 AS A” vector ; 
Lit = 9 Vp WspA” , A* axialvector 


The couplings to spin-1 fields are of fundamental importance for quantum 
electrodynamics (coupling to the photon field) and the theory of weak inter- 
action (coupling to intermediate vector bosons). In Example 12.7 we will treat 
the coupling to a scalar boson field (the Yukawa coupling) which is somewhat 
simpler. The Yukawa, coupling had originally been introduced to describe the 
strong interaction between nucleons via the exchange of mesons. 


RANE 


12.7 Yukawa Coupling 


In the following we study the coupling between a spin-4 field and a spin-0 
field in the form 


Lint (Bd, 4) = 9 (2) b(2)9(2) - (1) 
We evaluate the generating functional W(n, 7, J] in second-order perturbation 
theory. The result will be used to obtain several n-point functions of the 
Yukawa model. 

As in Sect. 12.5 the following representation of the generating functional 
can be used as a starting point for developing the perturbation expansion: 


a i hé KRé Kb 7 
Win,7, J] = N exp EG 73) Woln, 7, J] - (2) 


This expression results from the path-integral representation 
by 1 = 
Wnt, =N | DEDUDY exp[; (Cold) + Lold,W) 
+I6+on+ i + Lin(D¥4))]- (3) 


Equation (2) follows if in the interaction Lagrangian the fields w, 7), and ¢ are 
replaced by functional derivatives with respect to the source fields 7,7, and 
J. Then Ling can be moved before the integral. 

The generating functional of the free theory is simply given by the product 


Woln,7,J] = exp |= 5, [ateaty m2) See — v)nta) 
xe |-z [atoey Je)Ae(e—wJW)| - (4) 


The expansion of the exponential function in (2) up to second order leads to 


Winn =n [+t0 [ate (8) pos 
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Since the differentiation refers to different fields the calculation here will be 
somewhat simplified (compared, e.g., to scalar ¢° theory which topologically 
would produce similar graphs) since we do not have to apply the product 
rule as often. Nevertheless the derivation of the terms in second and higher 
order is quite laborious. To keep track of the calculation we make use of 
the graphical notation as in Example 12.4. The “dictionary” for translation 
between algebraic and graphical notation is found in Table 12.2. 


Table 12.2. Graphical translation rules for the Yukawa theory. 


Propagators 


External sources 


The free generating functional (4) can be written as 


o—~o 


Wo =e e2 (6) 


Functional differentiation has the effect that one of the end circles is removed 
and is replaced by an external coordinate: 


a---0 


3 

iG) 0 

h 6 

== —<o — Eee 5) 

i 67(x) 

ins 

—— eed = le 7 
i dn(x) = (7) 


Note the minus sign in the last equation, which results from the anticommuta- 
tion of 6/6n(x) and 7(2’). In general when working with Grassmann variables 
the following sign rule has to be taken into account: each time a fermionic 
differential operator is moved past a factore—- or —<¢e a minus sign is 


generated. 
Now we successively evaluate the required derivatives of Wo|n, ij, J]: 
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where the line endings carrying the same coordinate index x have been glued 
together. The third differentiation leads to 


i /hy3 5 Wo ' 
LO) mati = [metre me] 


hi 5n(x)6 I(x) 
= --O) - Wo . (10) 


Here the sign rule has been used. In the last step an extra minus sign has 
arisen from the reordering of the factors 7 and 7. Equation (10) has been 
multiplied with the factor ; standing in front of Lint. In this way (associating 


the factor + with each vertex —«—+ according to the table) all factors are 


absorbed in the graphical notation. Written out algebraically, (10) reads 


— = fata’ n(a')Se(a’ = 2) fata’ Se(@ -2')n(@") 


x fats’ Arte a) Je") |Wo, (11) 


This constitutes the contribution of first order to the generating functional 
(5). The result is not particularly rewarding, however, since it does not de- 
scribe true interaction (scattering) processes. Therefore we have to push the 
calculation to the order O(g?). Thus (10) has to be differentiated three more 
times. We find 


and thus 

nh? ieee 

Gooun cao tO 
op ge teC) oe ae a... We. 


After the reordering and collecting of terms the third derivative leads to 
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Using Table 12.2 we can easily translate this result. back to the algebraic form. 
The general structure of (14) might have been guessed without an explicit 
calculation. All topologically possible graphs with two vertices are present. 
There are pure “vacuum bubble” graphs and graphs with two or four external 
sources. In addition there is a contribution that consists of the product of two 
unconnected first-order graphs according to (10). Some of the contributions 
carry the symmetry factor 2. 

The properties described so far would also apply to the case of two coupled 
Klein—Gordon fields ¢, and 2 interacting via Ling = 9672 instead of (1). 
The minus signs, however, are characteristic for the fermions. We note the 
rule: 


° ° 
-- r 1 — 


e Graphs involving a fermion loop are multiplied by the factor -1. 


This is a consequence of Fermi statistics as we already noted in connection 
with the canonical formalism (cf. Sect. 8.6). In the framework of the func- 
tional method the minus sign arises from an anticommutation of Grassmann 
variables. 

The generating functional W[n,7, J] in second order is obtained by in- 
serting (14) and (10) into (5). The normalization constant NV is fixed by the 
condition W{0, 0,0] = 1. In Excercise 12.2 we have found the general connec- 
tion 
1+ gui[J] + g7ue[J] +... 


uae ease. 
= (1+ guild] + 9?wolJ] +...) Wold, (15) 
where 
wifJ] = wlJ]— ud], 
we[J] = (wa[J] — u2l0]) — (a [J] — 1 [0]) w[9] , (16) 


Now we have fermion sources 7 and # in addition to the scalar source J, 
but this does not affect the validity of these equations. In the present case, 
(16) is particularly simple since the Yukawa theory does not allow for vacuum 
bubbles in first order (in contrast to, e.g., the ¢+ theory), and thus wu; [0] = 0. 
The normalization factor NV has the effect only of cancelling the unconnected 
“vacuum bubbles” in v2[J]. Thus the first two graphs in (14) are then removed. 
The correctly normalized generating functional now reads 
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By differentiating this functional with respect to the sources the interacting n- 
point functions can be evaluated. The two-point Green’s function for fermions 
in order O(g?) reads 


Ae) 2 e) ew 
2 i 6n(x)d7n(y) 0 


Thus the free fermion propagator is modified by a self-energy contribution. 
Explicitely we have 


G® (y;2) = ihSp(y — 2) 


a gy (ih)* (;.) ae ez Sp(y — v")Sp(a" — 2') Sp (2' — 2) Ap(x" — 2') 
+ O(g°) . (19) 


This integral is divergent and has to be regularized. Subsequently the the- 

ory has to renormalized. Equation (18) contains a second radative correction, 

namely the “tadpole” involving a closed fermion line. According to the ar- 

gument presented in connection with the ¢* theory this contribution has no 

physical consequences and can be simply left out. This is what we did in (19). 
Similarly we obtain the two-point Green’s function for bosons 


2 2 
oa (;) oS 
@ 


eye t G (- ea a O(g°) (20) 
or 


G®) (1,2) = ihAp(a, — 22) 
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+ O(9°) . (21) 


where the irrelevant tadpole contribution again was left out. Note the negative 
sign of the vacuum polarization graph. 

In addition to the radiative corrections of the propagators, as expressed 
in (19) and (21), the Yukawa coupling of course also describes true scattering 
interactions. Therefore we will briefly discuss the possible four-point functions. 

The interaction of two fermions is described by 


GO (y, mee (*\ 564W 
CU Pag Oa Wii APS Nes el 8 pre a 
F iJ bn(w2)dn(er)dn(y)dn(y2) | 


Using (17) we easily find the four-point function of the fermion field 


(22) 


Ge (yi, 923 v1, £2) = GY 


Aes 
Yl ——q—._ 71 yy tt. 2 ¥1—<——+ 71 


aE ye Rs ee + ' — exchange (x1 aa en| 


y2 SS ‘ 2 Y2 ——q— 2 Y2 —wqt—wq- 2 

+0(g?) . (23) 
In addition to the disconnected graphs there is a true scattering graph of order 
O(g7) which describes the exchange of a virtual boson. 

However, four-point function of the boson field, 

4 4 
(4) _ fh 6°W 
ge Pan 4) () 6.I (a1 )6I(x2)6I(a3)6I (a) 


(24) 


? 
0 
in the same order contains only trivial disconnected contributions: 


wee 
GY) (2,22, £3, £4) = Ge + r( ° ue 5 peat. -- O(g°) 5) 


Here one has to go to the fourth order of scattering theory to find an inter- 
action. We do not want to work out the fourth-order generating functional 
W[n, 7, J] in detail. It is rather easy, however, to obtain that part responsible 
for the boson—boson interaction. 

The g* contribution to W[n,7, J] is obtained if the differential operator 
(i/h) Lint ((R/i)6/6, (h/i)6/6n, (h/i)6/6J) is applied twice to the g? term in 
(17). We are interested only in that part that contains four bosonic and no 


° 9° 
¢ c 


fermionic source. Terms of this type can only result from o«+—«1—« and 


° 
‘ 
4 


from pee ; . After carrying out the differentiation we find that the 
resulting expressions can be combined into the “box diagram” 
4 o-= --o 
Woda = ~F 8. {1 - (26) 


The minus sign has its origin in the closed fermion loop. Equation (26) 
produces a g* contribution to the bosonic four-point function 
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In the formation of the derivatives of (26), in all there are 4! = 24 permutations 
of the coordinates. 3! = 6 different configurations of the coordinates lead to 
nonequivalent diagrams which have to be added up coherently in (27). The 
remaining factor 4 (which may be interpreted as the possible association of 
a chosen coordinate, say x; with each of the four corners of the box) has 
cancelled with the factor present in (26), $4 = 1. In contrast with the ¢” 
theories, see Example 8.7, here we do not encounter extra symmetry factors. 

The box diagram leads to a new type of self-interaction of the boson field, 
which was not present in the original Lagrangrian and which has its origin in 
quantum fluctuations.'4 

The induced interaction graphs correspond exactly to those of the ¢* the- 
ory. There is a fundamental difference, however, in that here we do not have 
a point interaction. At sufficiently high values of the momentum transfer (the 
scale is set by the fermion mass) the scattering process will resolve the “inter- 
nal structure” of the vertex and there will be deviations from pure ¢4 theory. 

Finally we take notice of the two-fermion-two-boson Green’s function 


h\* ow 
Barn = (7) poo , 28 
Bln eaivi2) =F) SF ye T eayeUeAD | os 
which according to (17) in lowest order is given by 

(4) ee a1 xe 2x2 a 

Grp (21,025 y3 2) = GF | ee ee OG) 
—<- 

(29) 


This is the scalar equivalent of the Compton diagram of QED. 

As discussed in Sect. 12.4 for the spin-O case we can introduce the 
irreducible Green’s functions and their generating functional Z[n,7,J] = 
£InW[n, 7, J]. According to (9) in Exercise 12.2, (17) gets transformed into 


: 1 H 
5 Zina, J) = rd a-.-0 + g (OC) = | 


O 


2 Sm 1 a a 
1B (Cet a a EE) pee ee ye 
ey 2 + O(g°) : (30) 


“ The analog effect in quantum electrodynamics (which contains a vector instead 
of our scalar, field) is the Delbrtick graph which describe a very weak (because of 
the factor a* ~ 107°) photon-photon interaction; cf. Example 8.5. 
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In this way the nonconnected diagrams are eliminated. For example the irre- Example 12.7 
ducible fermionic four-point function is reduced to the true scattering graphs 
and its exchange partner 


(31) 
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Action, 4, 32, 344 

— effective, 402, 406 

— euclidian, 374 

Adiabatic switching, 221, 360 

Advanced Green’s function, 113 

Advanced propagator, 273 

Amputated Green’s function, 404 

Amputation of external lines, 286, 298 

Angular momentum 

— Klein—Gordon field, 83 

— orbital, 45, 85, 120 

— spin, 45, 120 

Angular-momentum operator 

~ Dirac field, 131 

— Klein—Gordon field, 85-91, 93 

Angular-momentum tensor, 45, 85, 99 

— Dirac field, 119 

— electromagnetic, 148 

— modified, 48 

Annihilation operator, 9, 61, 67, 77, 83, 
127, 162, 214, 276 

Anticommutation relations, 65, 125, 408 

Anticommuting numbers, 408 

Antilinear operator, 307 

Antiparticles, 94, 127 

Antiunitary operator, 325 

Antiunitary transformation, 307 

Asymptotic completeness, 271 

Asymptotic condition 

— for field operator, 275, 276 

Axial gauge, 144 

Axiomatic quantum field theory, 269 


Baker-—Campbell—Hausdorff relation, 25, 
Pei, PAL, ONO) 

Bare mass, 270, 272, 295 

Basis, 59, 60, 76 

Basis function, 12 

Belinfante tensor, 47, 148 

Bethe-Salpeter equation, 320 

Bilinear covariants, 328, 330 

Bilinear forms, 103, 139 

Bose particles 

— quantization, 58 

Bose-Einstein statistics, 64, 68, 76, 123, 
130, 323, 329 


Boson loop, 265 

Boson—boson scattering, 298 
Box diagram, 242, 429 

Box normalization, 79, 127, 179 
Branching ratio, 333 


Canonical commutation relations, 9, 
215, 269 

— Dirac field, 123 

— electromagnetic field, 176 

— Klein—Gordon field, 76, 92, 102 

— Proca field, 159 

— Schrodinger field, 58 

Canonical energy-momentum tensor, 43 

Canonical quantization, 58, 177 

— Coulomb gauge, 196 

— electromagnetic field, 176 

— massive vector field, 158 

Canonical transformation, 6, 128 

Canonically conjugate field, 34, 172, 251 

— Dirac, 118 

— Klein-Gordon, 75 

Proca, 158 

— Schrodinger, 57 

Canonically conjugate momentum, 5 

Casimier effect, 82 

Chain rule for functional derivatives, 37 

Charge 

— Bose field, 93 

— Dirac field, 120 

— Noether, 46 

Charge conjugation, 301 

— Dirac field, 313 

— scalar field, 305, 309 

— vector field, 319 

Charge operator 

— Dirac, 130 

Charge parity, 305, 320 

— positronium, 322 

Circular polarization, 161, 166 

Classical field, 401, 407 

Classical field theory, 31-51 

Classical limit, 344 

Classical path, 346 

Closed loops, 297 

Coherent state, 10, 26 
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Commutation relations, see Equal-time 
commutation relations 

— general, Dirac field, 138-139 

— general, electromagnetic field, 205 

— invariant, 100 

Completeness, 63, 339 

Completeness relation, 7, 13 

— polarization vectors, 155, 157 

Complex rotation, 358, 359 

Compton scattering, 239, 247-249, 430 

— of positron, 248 

— Spin 0, 259 

Connected Green’s function, 383, 387, 
398-400 

Conservation laws, 43 

— in classical field theory, 39 

Constraint condition, 141, 153 

Continuity equation, 42, 142, 143, 146 

Continuous matrix, 376, 403 

Continuum limit, 11 

Continuum threshold, 281 

Contracted normal product, 230 

Contraction, 228 

Convergence 

— strong, 274 

— weak, 274, 275, 278, 284 

Coordinate operator, 338 

Coordinate-space representation, 8 

Correlations, 74 

Coulomb gauge, 144-145, 171, 196, 197, 
208, 319 

Coulomb interaction, 69, 187, 200, 202 

Coulomb photon, 187 

Coulomb potential, 145, 203 

Coulomb propagator, 186 

Counter term, 296 

Coupled fields 

— Maxwell and Dirac, 150 

— scalar electrodynamics, 251 

— Yukawa model, 424 

Covariant commutation relation, 160 

Covariant notation, 33 

Covariant photon propagator, 187 

Covariant quantization, 171 

— Proca field, 160 

CPT theorem, 326-331 

Creation operator, 9, 61, 67, 77, 83, 
127, 162 

Cross section, 267 

Current 

— conserved, 42, 46, 47 

— Dirac, 120 

Current conservation, 143, 146, 153 

Current operator, 139 

— symmetrized, 134 


Degeneracy factor, 268 
Degrees of freedom 


— Lorentz gauge, 144 

— photon field, 171 

— Proca field, 158 

— vector field, 141 

Delbrtick graph, 250, 430 

Delbruck scattering, see Photon—photon 
scattering 

A(z), 100, 109-115, 160, 167 

Ai(x), 104, 105, 109-115 

Ar(z), 106, 109-115 

Dimension 

— Dirac field, 117 

— Klein—Gordon field, 75 

Dirac equation, 117, 124, 129, 288 

Dirac field, 117 

Dirac picture, see Interaction picture 

Dirac sea, 126, 130 

Dirac unit spinor, 124, 128, 137 

Dirac’s hole picture, 126 

Disconnected graphs, 243 

Discrete symmetry, 301 

Discretization, 32 

Dispersion relation 

— linear chain, 14 

— photon, 156 

— relativistic, 77 

Dual field-strength tensor, 142 

Dyson operator, 215, 292 

Dyson product, 217 

Dyson propagator, 113 


Effective action, 402, 406 

Effective potential, 407 

Electron-electron scattering, 240, 
245-247 

Electron—positron 

— pair annihilation, 239 

— pair creation, 239 

— scattering, 240 

Energy shift, 219, 220, 222, 224 

Energy-momentum tensor, 43 

— Dirac field, 119 

— electromagnetic field, 146, 174 

— Proca field, 153 

— symmetrical, 43 

— symmetrized, 47, 49, 147, 152 

Equal-time anticommutation relation, 
123 

Equal-time commutation relations, 269 

— electromagnetic field, 176 

— Klein—Gordon field, 76, 92, 102 

Proca field, 159 

— Schrodinger field, 58 

Equation of continuity, 42, 142, 143, 146 

ETCR, see Equal-time commutation 
relations 

Euclidian action, 374 

Euclidian coordinates, 359, 361, 372 
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Euclidian field theory, 371-375 

Euler-Lagrange equation, 5, 32, 33, 57, 
118, 149, 152, 172 

Exchange graph, 239, 246, 260 

Exchange term, 73 

External current, 146, 148 

External fermion line, 236 

External forces, 20 

External photon line, 236 

External potential, 69 

External source, 360, 367, 384, 420 


Fermi level, 71 

Fermi particles 

— quantization, 65 

Fermi’s Lagrangian, 172 

Fermi—Dirac statistics, 68, 104, 123, 
130, 246 

Fermion loop, 241, 427 

Fermionic quantization, 65, 104, 159 

Feynmal rules 

— scalar electrodynamics, 260 

Feynman contour, 107, 422 

Feynman diagrams, 236, 239, 382 

Feynman gauge, 173, 185, 189 

Feynman kernel, 339, 345, 350, 360, 
366, 371 

— euclidian, 359 

Feynman path integral, 344, 360, 362, 
367, 370 

Feynman propagator, 188, 230, 296 

— Coulomb gauge, 199 

— Dirac, 132-134 

— euclidian, 378 

— gauge dependence, 189 

— Klein—Gordon, 106-109, 188 

— momentum space, 108, 134, 170, 185 

— path-integral representation, 375-380 

— photons, 185-187, 195 

— Proca, 167, 169, 188 

— scalar, 112-115 

— spectral representation, 280 

Feynman rules 

— ¢* theory, 262 

— in coordinate space, 241 

— in momentum space, 242 

— quantum electrodynamics, 233-243 

Field 

— classical, 31 

Field strenght 

— electric, 143 

— magnetic, 143 

Field-strength tensor 

— dual, 142 

— electromagnetic, 142, 152 

Fock space, 61, 67, 79, 83, 130, 182, 270 

— photons, 179, 182 

Fock state 


— normalization, 68 

Four-boson vertex, 263 

Four-current 

— electromagnetic, 142 

Four-momentum, 43, 119 

Four-point function, 382, 391, 405, 422 

— ¢* theory, 297, 397 

— bosons, 429 

— fermions, 429, 431 

Fourier decomposition, 59, 92 

— discrete, 12 

~ photon field, 177 

— Proca field operator, 160 

Fourier expansion, 78 

Fréchet derivative, see Functional 
derivative 

Functional, 31, 37 

Functional derivative, 31, 35-39 

— chain rule, 37 

— product rule, 37 

Furry’s theorem, 320 


Gauge, see Coulomb, Fermi, Feynman, 
Landau, Lorentz gauge 

— noncovariant, 171 

Gauge-covariant derivative, 151 

Gauge-fixing parameter, 173 

Gauge fixing, 143, 172, 185, 189 

Gauge invariance, 143, 153, 182, 210 

Gauge transformation, 143, 146, 147, 
171, 183 

Gaussian integral, 343, 345, 351, 
353-356, 370, 375 

— Grassmann, 412, 415 

Gaussian units, 142 

Gell-Mann—Low theorem, 219-225 

Generating functional 

— fermion fields, 419-421 

— for Green’s function, 380 

for irreducible Green’s function, 383 

free Dirac field, 421-424 

— interacting, 384 

— perturbation series, 385-387 

Generator, 49, 98 

— Grassmann algebra, 408 

— Poincaré group, 50 

Gradient coupling, 251, 253 

Grassmann algebra, 408, 409, 414 

Grassmann integration, 415-419 

Grassmann variable, 408 

— complex, 413 

Green’s function, 145 

— amputated, 404 

— connected, 383, 387, 398-400 

— higher-order, 382 

— irreducible, 383, 430 

— Klein-—Gordon, 108 

— momentum space, 391-392 


436 


Index 


— multi-particle, 283, 286, 287, 290 
— pole structure, 287 

— Schrédinger equation, 346 
Ground state 

— nondegenerate, 359 
Gupta-Bleuler method, 180-183 


Hamilton density, 34 

Hamilton equations, 5, 34, 36 

Hamilton formalism 

— classical fields, 34 

Hamilton function, see Hamiltonian 

Hamilton’s principle, 4, 32, 344 

Hamiltonian, 5 

— classical field theory, 34 

— Dirac, 119, 126, 129 

— electromagnetic field, 173 

— harmonic oscillator, 9 

— interaction, 291 

~— Klein—Gordon, 75 

— linear chain, 12 

— normal-ordered, 81, 92, 164 

— Proca, 159, 164 

— Schrodinger field, 60 

Harmonic oscillator, 8-10, 14, 80 

Hartree-Fock approximation, 69-74 

Heisenberg picture, 8, 60, 212, 213, 215, 
216, 252, 269, 275, 338 

Heisenberg’s equation, 8, 58, 123, 159, 
291, 338 

— four-dimensional, 97 

Heisenberg’s quantization rule, 6 

Helicity, 131, 136, 154, 165, 166, 199, 
319 

Hermitean operator, 6, 96 

Hilbert space, 6 

— photons, 183 

Hole picture, 126, 130 


Imaginary time, 343, 359, 371, 372 

In field, 270-276 

Indefinite metric, 176, 180, 181 
Infinitesimal generator, 44 

— electromagnetic field, 148 
Infinitesimal rotation, 44 
Infinitesimal transformation, 40 

— Dirac field, 119 

Initial-value problem, 17 
Instantaneous Coulomb potential, 145 
Integration 

— Grassmann variables, 409, 415-419 
Interacting fields, 211, 272, 291 
Interacting ground state, 22 
Interaction picture, 211-216, 221, 252 
Internal fermion line, 236 

Internal photon line, 236 

Internal symmetries, 46 

Interpolating field, 272, 291 


Intrinsic parity, 302, 312, 321 
Invariance 

— S matrix, 324 

Invariant amplitude, 267 

Invariant commutation relations, 100 

— Proca field, 167 

Irreducible, see One-particle irreducible 
Irreducible Green’s function, 383, 430 
Irreducible vertex function, 402 


Jordan—Wigner quantization, 65 


Kinetic energy, 16 

Klein—Gordon equation, 75, 76, 153, 
168, 275 

Klein—Gordon field 

— charged, 91 

— neutral, 75 


Ladder operators, 9 

Lagrange density, 33 

— Dirac field, 117 

~ electromagnetic field, 145 

— Klein—Gordon field, 75, 92 

— Schrodinger field, 57 

Lagrange function, see Lagrangian 

Lagrange functional, 31 

Lagrange multiplier, 172 

Lagrangian, 4 

— ¢* theory, 261 

— classical field theory, 31 

Dirac, 117 

— electromagnetic, 149-150 

—- with gauge fixing, 172, 173 

— linear chain, 11 

— Lorentz scalar, 329 

— Proca, 152 

— scalar electrodynamics, 251 

— symmetrized Dirac, 120-122 

Landau gauge, 185 

Landau-Yang rule, 323 

Lattice field theory, 374 

Legendre transformation, 5, 34, 401 
407 

Lehmann-Kallen representation, 
278-282 

Lehmann-Symanzik—Zimmermann 
formalism, see LSZ formalism 

Lie algebra, 45, 149 

Lifetime, 332 

— of antiparticle, 333 

Light cone, 101, 115, 206, 207 

Linear chain 

— classical treatment, 10-15 

— quantum treatment, 18-20 

Linear polarization, 161, 166 

Local field theory, 33 

Longitudinal photon, 181, 186 
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Longitudinal polarization state, 141, 
145, 166, 178 

Longitudinal polarization vector, 154, 
157 

Lorentz boost, 44 

Lorentz condition, 153, 168, 172, 177, 
180, 183 

Lorentz gauge, 144, 172, 175, 210 

Lorentz invariance, 44 

Lorentz scalar, 33 

Lorentz transformation, 97, 148, 272 

— infinitesimal generators, 44, 97 

Lorentz—Heaviside units, 142 

LSZ formalism, 269, 282-288 

LSZ reduction formula 

— for spin-4 particles, 290 

— for spin-0 particles, 286 

— in momentum space, 286 


Many-body Schrédinger equation, 64, 
66 

Mass 

— bare, 270 

— counter term, 296 

— renormalization, 238, 295-297, 396 

Massive vector bosons, 152 

Massless vector field, 156 

Matrix representation, 44 

Maxwell equations, 141, 143 

Maxwell field, 154 

Mean field, 401 
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Minimal coupling, 151 
Meller scattering, 245-247 
Momentum, 43 

Momentum eigenstates, 7 
Momentum operator 

— Dirac field, 131, 135 

— Klein—Gordon field, 82, 93 
— Proca field, 164 

Monte Carlo integration, 374 
Moving basis, 339, 361, 366 
Multi-phonon state, 20, 25 
Multi-photon state, 320 


n-point function, 283, 359, 363, 367, 380 


— connected, 383 

— free, 381, 422 

— perturbation series, 293 

— perturbation theory, 290 
Negative-energy continuum, 124, 126 
Neumann series, 217, 292 
Newton’s equation of motion, 4 
Noether charge, 46 

Noether’s theorem, 40-43, 82, 85 
Noncovariant gauge, 171 

Norm 


Microcausality, 103, 104, 115, 139, 159, 


— euclidian, 371 

~ one-photon state, 179 
Norm convergence, 274 
Normal coordinates, 12, 15-18 


253, 259 
— cancellation, 258 


Zid 204 

Normal product, 226 
Normalization, 61, 68, 77, 363 
— box, 79, 127 

— continuum, 79 

— polarization vectors, 155 
Number operator 

— for holes, 127 


Occupation-number representation, 61 
One-particle irreducible, 400 

Orbital angular momentum, 45 
Orthogonality, 14 

— polarization vectors, 154, 162, 177 
Orthopositronium, 322 

Oscillator, see Harmonic oscillator 
Out field, 270-276 


Pair annihilation, 237 

Pair creation, 237 

Parapositronium, 322 

Parity 

— charge, 305, 320 

— intrinsic, 302, 312, 321 

Particle-antiparticle symmetry, 331 

Particle-number operator, 60 

— localized, 62 

Path integral, 339 

— coordinate-space, 344, 352 

— Feynman, 344, 360, 362, 367, 370 

— for fermion fields, 408-415 

— for free particle, 345 

— for vacuum functional, 362 

— Grassmann fields, 415 

— in field theory, 366, 368-371 

— in phase space, 342, 351 

— multi-dimensional, 350 

— notation, 342 

— time-ordered product, 357 

— Wiener, 342 

Pauli-Jordan function, 100, 109-115, 
138, 160, 167, 256, 277 

~ spectral representation, 280 

Pauli matrix, 120 

Pauli principle, 65, 67, 129, 130 

PCT theorem, see CPT theorem 

Periodic boundary conditions, 12 

Perturbation 

— stationary, 221 

Perturbation operator, 220 


Normal-dependent terms, 169, 170, 252, 


Normal ordering, 26, 81, 132, 164, 237, 
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Perturbation series 

— ¢* theory, 392-398 

— generating functional, 385-387 
— S operator, 220, 234 

— time-evolution operator, 218, 292 
— two-point function, 295 

— Yukawa model, 424 
Perturbation theory, 211, 225 
Pfaffian, 413 

Phase factor, 304 

— divergent, 221, 224, 245 

Phase transformation, 46, 93 

¢* theory 

— triviality, 262 

¢* theory, 261-267, 295-299, 392-398 
Phonons, 20 

Photon 

— absorption, 237 

— emission, 237 

— longitudinal, 181 

— scalar, 181 

— virtual, 183, 187 

Photon field 

— energy density, 175 

Photon propagator 

— covariant, 187 

Photon-photon scattering, 249-251 
Plane waves, 79 

— Dirac field, 288 

Plane-wave basis, 76 

Plane-wave expansion, 131 

— Dirac field, 124, 125 

— electromagnetic field, 177 

— Klein—Gordon field, 77 

— vector field, 154 


Poincaré 
— algebra, 51, 98 
— group, 49, 50 


— transformation, 96, 272, 324 
Poisson brackets, 5, 15, 36 

— in classical field theory, 35 
Poisson distribution, 26 

Poisson equation, 200 
Polarization 

— circular, 161, 166 

~ linear, 161, 166 

Polarization state 

~ longitudinal, 141, 145, 166, 178 
— massive vector field, 156 

— photon, 177 

Polarization vector, 154, 199 

— completeness relation, 155, 156 
— longitudinal, 154, 157 

— time-like, 155, 157 

— transverse, 154, 156 

Position operator, 7 
Positron—positron scattering, 240 
Positronium, 312, 320-323 


— selection rule, 323 

Potential 

— external, 69 

Potential energy, 4, 16 

Poynting vector, 148 

Principle of least action, 4 

Proca equation, 152 

Proca field, 152, 154 

— Feynman propagator, 167, 169 

— invariant commutation relation, 167 

Product rule for functional derivatives, 
Sil 

Projection operator, 133 

— transverse, 145, 197 

Propagator, see Feynman propagator 

— advanced, 273 

— retarded, 273, 277 

Pseudo photon, 182, 183 


QED, see Quantum electrodynamics 
Quantization 

— of a mechanical system, 6 
Quantum electrodynamics, 150, 320 
— Feynman rules, 233-243 

Quantum mechanics, 6 


Radiation gauge, 197 

Random walk, 342 

Reciprocity theorem, 325 
Reducible, 400 
Renormalization, 231 

— coupling constant, 266, 299 
— mass, 238, 295-297, 396 
Renormalization constant, 273, 281, 299 
Resonance, 281 

Retarded Green’s function, 113 
Retarded propagator, 273, 277 


S matrix, see Scattering matrix 

S matrix 

— invariance, 324 

S matrix element, 220, 243, 267, 272, 
283, 286, 288, 298 

S operator 

— perturbation series, 220, 234 

— second order, 237, 238 

— unitarity, 271 

Scalar electrodynamics, 251-261 

Scalar field theory, 261, 384 

Scalar photon, 178, 180, 181, 186 

Scalar product, 6, 162 

— Klein-—Gordon, 78 

Scattering cross section, 267, 326 

Scattering matrix, 219-220 

Schrodinger equation, 20, 57, 59, 339, 
345 

Schrodinger picture, 212, 213, 338, 357 

Schrodinger wave function, 7 
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Schwinger function, see Pauli-Jordan 
function 

Seagull graph, 254 

Second quantization, 57 

Selection rule, 325 

— decay of positronium, 323 

Self-energy, 240, 254, 264 

— Yukawa model, 428 

Self-interaction, 73, 262, 273, 430 

Sp(2), 132 

Shift operator, 22, 24 

Single-particle 

— basis, 71 

= eI, ie! 

= GiANI, 2, Bie, Dill, Wy 

— wavefunction, 70 

Singlet state, 322 

Slater determinant, 68, 71 

Smeared field operators, 275 

Source term, 360, 367, 384, 420 

Space inversion, 301 

— Dirac field, 312 

— scalar field, 301, 309 

— vector field, 319 

Space-like separations, 103 

Spectral density, 279, 281 

Spectral representation, see Lehmann— 
Kallen representation 

Spectrum 

— Dirac equation, 126 

— of harmonic oscillator, 9 

Spherical basis, 165, 319 

Spherical waves, 79 

Spin, 45, 322 

— electromagnetic field, 149 

Spin operator, 131 

— Proca field, 165 

Spin-1 mesons, 141 

Spin-statistics theorem, 130, 140, 159 

Spinors, 117 

State vector 

— localized, 62 

Stationary phase approximation, 344 

Statistical mechanics, 374 

Strong operator convergence, 274 

Stiickelberg, 109, 113, 249 

Sum rule for spectral density, 281 

Superposition principle, 342 

Symmetrized product wave function, 65 

Symmetry, 272 

— discrete, 301 

Symmetry factor, 261, 397 

— ¢* theory, 266 

— quantum electrodynamics, 267 

Symmetry transformation, 40, 43, 95 

— internal, 46 


Tadpole graph, 238, 396, 428 


TCP theorem, see CPT theorem 

Temporal gauge, 144 

Tensors, 329 

Three-point function, 382, 404 

Time-evolution operator, 8, 215-219, 
292, 340 

— adiabatic, 221 

— perturbation series, 218 

Time-ordered exponential, 219, 292 

Time-ordered product, 227, 293, 357, 
367 

— Grassmann fields, 420 

— modified, 258 

Time ordering, 217 

Time reversal, 301, 325 

— Dirac field, 315 

— scalar field, 306 

— vector field, 319 

Tomonaga picture, see Interaction 
picture 

Topologically equivalent graphs, 237 

Trajectory, 340 

— classical, 337 

Transfer matrix, 340 

Transformation 

— field operators, 96 

— infinitesimal, 40, 96 

Transition amplitude, 339, 340 

— infinitesimal, 341 

Transition current, 187, 247 

Transition matrix element, 357 

Translation, 43, 272 

Transversality condition, 197 

— four-dimensional, 156 

Transverse delta function, 197, 202-205 

Transverse gauge, 144 

Transverse photons, 198 

Transverse polarization vector, 154 

Transverse projection operator, 197, 
208 

Tree approximation, 299 

Triplet state, 322 

Two-body interaction, 69 

Two-particle scattering, 225, 262 

Two-point function, 357-359, 381, 391, 
394 

— ¢* theory, 395 

— bosons, 428 

— fermions, 428 

Two-point Green’s function, 295 


Uncertainty relation, 7, 8 
Unitary representation, 96 
Unitary transformation, 22, 96 


Vacuum, 61, 129, 270, 279, 293 
— charge, 131 
— Dirac, 127 
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— energy, 81, 127 

— fluctuations, 240, 293, 394 

— polarization, 240 

— stability, 244 

Vacuum functional, 362, 368 

— euclidian, 375 

Vacuum persistence amplitude, 360-363 
Vacuum-—vacuum amplitude, 362 
Variation, 40 

— modified, 40 

— total, 42 

Variation of a functional, 31 
Vector field 

— massive, 154 

— plane-wave expansion, 154 
Vector potential, 143 

— plane-wave decomposition, 161 
Vertex 

— electron-photon, 236 

— four-boson, 263 

— two-photon two-boson, 254 
Vertex function 

— amputated, 406 

— irreducible, 402 

— irreducible three-point, 403 


Virtual field quanta, 272 
Virtual phonon, 25 

Virtual photon, 183, 187 
Volterra series, 380, 402 


Wave equation, 143, 173 

Wave function, 62 

Wave packet, 179, 275 

Weak operator convergence, 274, 275, 
278, 284 

Weyl ordering, 341, 347-350 

Wick rotation, 343, 359, 372 

Wick’s theorem, 225-231, 255, 293 

~— proof, 231-233 

Wiener path integral, 342 

Wightman function, 278 


Yang—Feldman equation, 272, 276-278 
Yukawa coupling, 424-431 


Z, see Renormalization constant 
Zero-point energy, 9, 20, 80, 127 
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